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4 POLLUTION CONTROL 


INTRODU 


Within the United States, three wihats have been devised for co controlling 
the pollution of interstate waters. They are: (1) Control by interstate agree- 
“ments without enforcement au authority; (2) control byt reciprocal legislative 
agreements; and (3) control by interstate pollution | compacts approved by 

Congress. | Of these | measures, the interstate agreements that do not provide 
Py: enforcement are the oldest, the Great Lakes Drainage Basin Sanitation | 
Agreement: ‘dating back to 1928. these “agreements, of which there were 
three e in 1948, the signatory pr pledge themselves to cooperate with each 
other i in regulating t the pollution of streams Wi whose waters they share. | The pres- J 
a | Symposium. does | not include a paper on this is type of pollution abatement. : 
a -_ Control by reciprocal legislative agreement was initiated in 1937, that by + 
Bas compact in 1936. The Interstate Commission on Delaware 


River Basin whose objectives a are described by Mr. Allen has remained the o only 


‘agency that relies on | reciprocal legislative agreement without concurrence of 
the federal government. — By 1948 four other agencies | had preferred to seek 
approval by Congress. Two of these commissions are represented in this 
- Symposium. The New England Interstate Water Pollution Control Com- 
mission is described in its org anization and activities by Messrs. Sco weer 


= W eston. _ The f function of ‘this comniission is to deal | primarily with ind 


é 


nountains to the sea. By contrast, jurisdiction of the Interstate am, 


Commission, as shown by Mr. Mr. Hess, is limited, in general, to coastal, estuarial 


= - Although the ag agencies that were’ created by interstate compact present 

much the same outer form, the four commissions that were in existence in 1948 

differ widely in . their functions. In general, two instruments appear to be 

evolving: (1) Control by commission order and specification ¢ of minimum treat- 

_ ment requirements, including the zoning of the waters; and (2) control by 


coordinated investigation, advice, and promotion ¢ of uniform: legislative prac- 
tices, leaving to the individual states the exercise of enforcement. - The Inter 
sate Sanitation Commission will be seen to represent the first instrument and © 


the New England Interstate Water Pollution Control Commission has created 


the second instrument. 
as The stream sanitation activities of the Tennessee Valley Authority (TVA), | 
as des described by Mr. Clark, are concerned primarily with the evaluation of the - 
4 sources, s, nature, and degree of pollution of the waters of the v valley. | ‘The TVA 
eaves to the states. through which the waters flow the control that is to be 
__ The control of waters that the United ‘States shares \ with 
boas is a matter of international treaty. ._ The International Joint Commis- 


= Ww aters that traverse one o1 or more state boundaries in their course from the 


existence since 1912. Although these international | waters are also inter- 
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ilies waters, the present a was not planned to include a discussion | 


| the international aspects of stream pollution 


Control of the pollution of interstate waters has been er in evolving, but 
the. mid-twentieth century, as shown by the papers included i in this premmsingene’ os 
has witnessed a . strengthening of public. demand for pollutio 

~ acceleration of pace in the | creation of governmental agencies to secure its 
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NEW ENGLAND, POLLUTION ‘CONTROL 


COMPACT 


By Warren J. ASCE 


By WARREN J. Scott, M. A 


New England Interstate ‘Water Pollution is the most 
recent legal instrument in that field to be ratified by Congress. a It grew out 
of the desire of the New England state ‘sanitary e engineers to develop a working 
plan whereby the states might cooperate in the solution of their joint problems. — 


a the instigation of the state health officers and the heads of the water _ 


é pollution. control agencies, the state sanitary engineers in the New England § ; 


- drew upa draft of proposed legislation in the latter part of 1946. z Some 
4 - changes w were made before the draft reached its final form, in the wig part of of 


hearings the compact was approved Gan appropriate legislative action by 
the Commonwealth of Massachusetts and the states of Connecticut and Rhode 
Island. | The aid « of the New England Representatives and Senators was en- 
listed t secure ratification by Congress in 1947, and the ; Compact Bill (United 
States Senate Bill No. 1418) “Passed Senate on J uly 23 and was unexpectedly 
passed by the House on the last day.’ 2 The prompt action is a testimonial to 
the good work of the New England Representatives and Senators in the 
“national capital. Inasmuch as the compact cat carries @ provision that it becomes 
effective when approved by any two contiguous states, it immediately became — 


efective upon ratification by Congress. 

Although | Maine has fewer interstate ‘pollution problems than the other 

Ne New England States, Maine is an important part o of the New England region, : 
and it is believed that all the states have much to g _— and nothing to lose by 

When the compact was drawn up, the question aro arose as t to the possible | 

‘ participation of New York State, New England’s important neighbor to the | 
west and south. The states of New York and Vermont have a common in- 
terest in large Lake Champlain, which borders on both states, and i in ‘other 
waters flowing between the states. 7 To a lesser degree, the states of Connecticut 
and Massachusetts have have a common interest, with New York, in certain waters — 
that flow across the western boundaries of these two New England states. 

7 Already Connecticut had joined with Ne wY ork and New Jersey in the Inter- ¥ 


“state Sa Sanitation Compact, which is concerned with the pollution of some of the 


waters of Long Island Sound and waters in and about the New York City and eo 


near-by New Jersey areas (see Symposium paper No. 8). Because of the 
possible interest of New York State in the New England compact, representa- 
7 tives of the New York State Department of Health, upon invitation, attended — 3 


Directo, Bureau of San. Eng., , Connecticut State Dept. of Health, Hartford, Conn. _ 
2 Engineering News-Record, August 7, 1947, p . 55. 
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some of the preliminary New England alain: As drafted , the compact 
- provides for the participation of New York State if and when that state wishes. 


= compact provides f for the the exclusion of waters of the Inter- 


REASONS FOR THE Compact 


_ se of the con npact rests first on the fact that New En gland is is composed _ 
2 of states with many similar characteristics, natural resources, and interests 
4 and with numerous streams” flowing across state borders. _ Thus, , the general 
to stream pollution in the six states can 


parallel lines to quite an extent. 


The New England states are faced with certain problems of pollution a 

interstate streams that must be solved. The drainage area of the largest. river. 

in New. England—the Connecticut River—extends widely over. Vermont, New 
Hampshire, Massachusetts, and Connecticut. ‘There are other interstate 


streams of considerable magnitude. At some points tidal waters eb! ebb a and flow 
in harbors or river mouths touching on on the borders of more than one state. 
It seems illogical that each ste state should work indeperidently on its own program 
4 pollution control unless each particular valley is taken into consideration as 


whole. | The sensible approach to pollution control of waters for domestic | 


supply, for bathing, for fishing, for boating, for industrial purposes, 
for r navigation i is to classify the waters according to use and from that point to 


go forward with control ‘programs. This phase of the subject is treated ted in 


"Symposium paper No.2 
a The possible enactment of federal legislation in the future also serves. :. 


stimulate the formation of interstate pollution | control compacts. - Even those 


who favor, strongly, the passage of federal legislation in this field recognize 

that the most lasting progress in improving interstate streams will be made 


through joint agreement between the states. In fact, federal bills (such as 


United States Senate Bill No. . 418) support the idea of interstate compacts and 
the formation of interstate agencies. There is no question in the minds of the 


adherents of the New England Interstate W ater Pollution Control | Compact 


- the region sienndnieseean-ame for the rights and interests of all concerned | than i is 
- the federal government. The combination of the interested states to improve 


the condition of interstate streams, and, at the same time, to protect the 


interests of the states without federal dictation, is an important reason for the 
_—— 7 In addition, it is recognized that the United States as a whole is 
concerned. with the general problem of water conservation; and, if federal 


~ egislation i is enacted, the compact group could well represent the area in any 
‘ The compact applies to interstate streams, pon ponds, and lakes, : and | tributaries | 


_ and tidal waters ebbing and flowing pa past the boundaries of any two states. 


oe - Each state i is represented by five men, as in the case of the Interstate Sanita- 


tion Commission. _ Although the membership will be large when the maximum 
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number of states — s participate in t the compact, it “was felt that the 
_ viewpoints of all interests should be given ample 1 recognition. - The compact 
provides that a representative of the state health department: and a repre- 
sentative ¢ of any existing state water pollution. control | board must b be members 
of the commission. — This re requirement appeared n necessary in order that there 
might be proper coordination v with the state ‘agencies actually engaged in 
_ pollution control work and concerned with the health aspects of pollution. | 
The compact. also provides. that (unless a state decides otherwise through | its 
- enabling legislation): (a) One member shall represent an agency acting al 


oo) 


one 
fisheries or conservation; (b) ¢ one member shall represent industrial interests 
and (c) one member shall ll represent municipal interests. This designation of 


representative interests has been adopted by all the participating « states. 


OTING POWER 
Although a a majority of the ‘members onan: a quorum, no action of the 
: commission imposing any obligation on any signatory state or on any municipal 
agency or subdivision ther eof, or on any person, firm, or corporation therein, is — 
: binding unless a majority of the members from such signatory state shall have 


voted in favor thereof. Thus, one state might nullify the votes of the other 
participating: states. “At first. glance, this provision may seem undesirable, 
but it is considered to be satisfactory. _ The writer has” had opportunity to 
observe, at first hand, the workings of ‘the Interstate Sanitation Commission 
which | has a similar arrangement. . He has observed a group p of without 
7 selfish interests Ww ho have been studying the pollution abatement problem for 
7 many ‘years. | It is surprising how such 1 a group Vv working toward a common 
goal shakes off any sense of partisanship and acts in close accord. , Iti is —_ 


able that the same attitude of cooperation . would be found to exist a1 among most — 


to jo does not senile for any 
nical staff. At its first meeting, the = commission appointed a technical advisory 
board ‘consisting of the chief e engineers ; of the state departments | of health, and 
also. of existing: state water pollution control agencies. — In New Hampshire 
the same chief engineer ser ves both the state department of health and the 
New Hampshire Water Pollution Commission. — In Massachusetts and Rhode 
Island, pollution control work is vested in the state departments of health. 
Vermont has set up new water conservation board which cooperates with 
the state department of health i in this field. - In Connecticut the state depart- 
ment of health and ‘the state water commission each administer certain laws 
relating to pollution abatement. Maine 
board on which the _— department of health i is is repr 
CLASSIFICATION OF STREAMS 
‘The com commission is directed to establish reasonable | shania, — ‘and 
4 bact ieee standards of of water quality satisfactory for various classifications 
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Be own waters to the commission for approval. _ The first major task of the com- 

mission 1 after organization is to establish standards for various - classifications 

“of water use. 7 After such standards are adopted, it then becomes the task of 

each | state to work out the classification 0 of its interstate waters according to 


their use, taking into account the | prescribed standards. The classification 
‘then i is to be submitted by each state to the commission for approval and the 
commission, of course, will be in a position to see that the classifications, when 
“approved, will fit into a coordinated for each river valley. There isa 
provision of of the compact, to the effect that, from time to ) time, the commission 


may make such changes in definitions of classifications and in standards as 
may b be e required by changed conditions or as may be necessary for uniformity. 


AGREEMENT TO ABATE POLLUTION 


_ In the compact, each state pledges | to provide. for the abatement of Fexisting 


pollution and control of future pollution “ interstate waters and to: maintain - 


of of r. The e compact p pledges. each state, of 
classification of its interstate waters by the ‘commission, to work toward the 
_ establishment: of programs of treatment of sewage and ‘industrial wa Ww astes: that 
will m meet the established standards. The compact commission is authorized 
to make recommendations for any legislative action deemed advisable, in- 


cluding amendments to the statutes of the signatory states which ssaseeiin dina be neces- 


to carry ‘out the intent and purpose of the compact. 


Commission” Not EMPOWERED TO IssuE ORDERS 


Compacts drawn b between states for the purpose of controlling pollution - 
varied in their character. The success of the New England compact _ 


largely « on the cooperation and support of the participating states. The com- a 
“mission has no power to issue orders. 
—_  Itw would presumably be possible for one of the seni states to contend 
in a federal court that another state was not living up to the provisions of “i 

compact; and the existence of the compact would place the complaining = 
in a commanding position in a court action, probably to a greater extent than if 
one state sought legal ac action against another s state on the basis of damage claims 


that w would have to be substantiated in the particular. r instance. How ever, if 
deteriorate to such a point that 


UMMARY 
The New England Interstate Water Pollution Control Compact provides 
that N New York State mav join the compact with relation to waterways common — 
to New England and New York (exclusive of the waters of the Interstate 
Sanitation District), and accordingly the Empire State joined in 1949. a oe 
The compact is built around a classification of interstate waters according 


to their highest use, a and (after the establishment of standards and « classifica 
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3 tions) depends on the capacity. of the cooperating ng states to make it effective. 


Its success will rest on the cooperation and support of the states. _ There is 
no provision for the exercise of | broad mandatory powers by the commission, 
“- for the establishment of an elaborate central technical organization. | ‘The 
technical work will be ; done by the existing state pollution control rol agencies, 
with coordination through : a professional engineer secretary. 

‘The « compact does not set up a short-range program. Rather, it is a long- 
range plan that offers t the New England States an excellent opportunity to 
develop: and carry through w vell coordin to improve the sanitary 

conditions of their interstate © waters. The solution o of interstate pollution 
ence re by the states is preferable to the alternative of surr rendering to the 
federal government the jobs of appraising the needs and of deciding on the 
remedies. If federal water pollution abatement | legislation is enacted, how- — 
ever, . the New England compact, with other interstate | compacts in this field, 7 
affords the facilities for successful coordination between the states and the 


federal government. = 
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CLASSIFICATION OF 
STREAMS 
D. WESTON,® ASCE 


INTRODUCTION 

England interstate streams differ somewhat from streams in many 

> § other sections of the United States i in that these streams, par articularly those in — 

the State of Massachusetts, are seldom used both as sources of water supply 
for drinking and | culinary purposes and as media for for the > disposal o of sewage and 

: industrial wastes. However, New England streams ar are used to a large extent 
both for industrial purposes and for recreation. Under present conditions the 
- value of the streams for industry i is greater tl than for or recreation, although the © 
income { from recreation throughout New England as as a whole probably is. as 

- great as, if not greater than, that from industry. Because of such stream usage 
the Conference of State Sanitary Engineers of New England met on December - 
18, 1935, and voted to to advise the New England Regional Planning Commission = 
of the National Resources Planning Board of the need for a New England pro- pro- 
gram of stream classification, ba - 
of streams» that could ultimately be agreed upon . by the | various states § as sa 
foundation o on which to build. agreements between the states on water er pollution — 


control. A committee was appointed | by that commission soon after this recom- _ 


: mendation, and its report, containing a “proposed classification, was file filed with a 


the commission n early i in 1 1941. committee expressed the opinion that it 


New England state to appoint a a state committee for the classification « of the ; 
state’ s waters in accordance with the classifications proposed | in this report, 
such committees to include official representatives of state agencies concerned _ . 

_ with (a) health, (b) water ‘pollution or water conservation, (c) fish and game, 


and (d) planning—together with a representative of industry. a 

Ee Each New England state committee subsequently confer with neigh- 
boring state committees as to an agreement classifing interstate waters affecting 


| 8. The New England state committees (for purposes of cooperation in a 
; program of classification of New England interstate waters) submit for review 


to the ‘New England drainage | basin committees of the National Resourees 
~ Planning Board their findings as to such classifications. Such findings, how- 
ever, were to involve no commitments between states as to the sanitary works 


— 


| 
is 
z= ‘ 
purity from the upstream state and do little toward water pollution control - = 
in its own territory. Accordingly, the committee recommended that: 
: 
Director and Chf. San. Engr., Div. of San. Eng., Massachusetts Dept. of Public Health, Boston, Mass. 4 Pe 
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4. Every ates te: made by the New Eng land ‘States to establish sampling 
points in interstate waters for dissolved ox ygen and bacteriological tests, such 
ests to be made with sufficient frequency to permit the determination of the 


uality index of the waters. 
y 


‘Asa a result of recommendations, the ‘chairman of the New re 


from each to work with committees of the other New England 
States for the purpose « of arriving at sor some e agreement on on the classification of 
waters common to more than one state. The pment committee, ap- 
- pointed on February 12, 1941, by the Hon. Leverett Saltonstall, then Gov ll 
of Massachusetts, consisted of the writer as chairman and Raymond J. Kenney, 
_ commissioner of the Department of Conservation, Richard K. Hale, M. ASCE, 
of the Department of Public W orks, and Otis D. Fellows of the State Planning 
Boar. This committee soon met with: the | committee from Connecticut. 


In : oe paratively s short time classifications were made o of the streams 
common to Massachusetts and Connecticut which were agreed upon by the } 
chief. engineers of the Connecticut W Water Commission and the Connecticut 


‘Department Health and the Massachusetts Department of Public Health, 


these ‘Because of emergency activities during. W orld Wa ar II, little Ww as 
done by agencies until 1946 when the en, engineering representatives es of the 


States met with Massachusetts and Connecticut engineers; and finally on 


state agencies in charge of water pollution control in the other New Engalnd— ; 


October 2 , 1946, these engineers agreed on a system of classification. The 


engineers ’ report was submitted to their respective commissioners with the 
recommendation that the commissioners meet and agree on the proposed sy ystem 


a ee through their respective state governments for the 
_ purpose of providing compact legislation i in each of the New, England | States. 
The of classifications thus agreed on, which i is on stream 


“usage, ‘is as follows: 


aters intended for drinking or for the 


market shellfish. 
W aters used for 


n of wastes without n nuisance. 


the first two of these classes, bacterial limits were 


- placed on the water. For example, the bacterial quality of class Aw aters 
would be better than 50 coliform organisms per 100 ml of water examined, 


_— the coliform density of class B waters Ww would be better r than 1,000 
coliform organisms per | 100 ml. There were ‘certain other requirements in con-. 


nection | with these classifications; for example, class" A waters and class B 
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waters would be clear and would contain dissolved oxy oxygen (D.O.) nearly to 
saturation; class C waters would be free of slick, odors, or visible floating © 
solids and would contain D. 0. in q quantities odequaie for fish life; class D waters 
also would be free of slick, odors, and visible floating solids and would have 
some D.O. present at t times. 
” It should be emphasized at this point that, although the recommendations o of 
‘the engineers of the New England States may have represented the opinions of z 
‘those state departments having the responsibility for water pollution control, 7 
they carried no legal significance « except in so far as the laws of their states. 
would permit water pollution control. The fact that the engineers agree on — 


this system however, ‘probably would have considerable 


NEW HAMPSHIRE 
\ 


CONNECTICUT RHODE ISLAND 
LEGEND | 


Class c- Waters Used for Recreational Boating and Fishing 
Cless Waters Used Primarily for Navigation or 


Beiow Class ‘D—Waters Unsuitable for Class A to 


State o of lew York, by: an act in 1949, and the: State o of 

by an act passed in May, 1949, are eligible to join the compact. papas 

The State of Massachusetts can be verge as the middle ground of the 

_ Pollution of interstate rivers in New England. _ Accordingly, the map in Fig. 1 

is presented to show the average ee of th the waters of that ‘State ir in 1941, 
ali to the standard classification. — 7 In actual use, colors represent the 

- agreed classifications as follows: Class A waters in green, class B waters in 


blue, class C waters in yellow, and class D waters in red. In Fig. 1, instead 


e 

Fig. 1.—Cuasstrication oF Massacuuserrs Streams Accorpine To Hicuest Use 
weight in the determinations to be made by the states under compacts which | ; ee 85 
of have been made by the states of Massachusetts, Rhode Island, and Connecticut _ i 

under legislative acts of these states passed in 1947 and which it is hoped will © . ae 
rs 
0 
B 
— 


of ¢ 
representation indicating the class waters. shown solid 
in Fig. 1, would normally fall ill into class E waters if such a . classification e existed. 


The England Conference of State Sanitary Engineers has recommended 
that such waters, of “oxygen and capable of causing a nuisance, | should 


‘central part, the French River which joins the River in 
- to form the Shetucket River and thence the Thames River; the Blackstone 
River which has an outlet through the State of Rhode Island; the ‘Taunton 


River which has an outlet into the tidal waters of Massachusetts and of Rhode 
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Oxycen Demanp (B. O. D.) AND (D. O. 


HovsaTonic River, Juuy, 1941 


Island; and the Merrimack River which eal an outlet into the sea through the 


State of Massachusetts. 
Housatonic 


The Housatonic River, about 65 miles long i in Massachusetts, a total 
“drainage: area (at its mouth in Connecticut) of approximately 1, 930 sq miles, 
which ‘487 7 sq. miles is in the State of Massachusetts. The ‘drainage: area 

above the Massachusetts-Connecticut line comprises 532 - miles, of which 1 12 
sq miles is in Connecticut and 33 sq miles is in New York. Under present 
conditions in Massachusetts this river is polluted by untreated and treated — 
sewage and industrial wastes. During a a period of low. water conditions i 


as existed in July, 1941, the biochemical D. 


1262 POLLUTION CONTROL Papers Nov 
— Stat 
was 
eee Of the various rivers in Massachusetts shared with some other state, those § mu: 
a. _ of most importance are the Housatonic River and the Hoosic River in the §— chu 
‘aes 
stre 
Ce 
Bre 
13 = 4 chu 
| 
—< 
| 
| 
‘tor 
No 
yes 
mai 
sq. 
[ 
(see Fig. 2). Nevertheless, the stream recovered before reaching the 
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State of Connecticut 80 as to rate a a clsasification, at the state line, of at least 


D. Practically equal or better bacterial improvement in this river "was 
noticed during the dry period of October, 1947, when « coliform densities of | 
100, 000 per 100 ml of water examined were reduced to 100 per 100 ml ‘hear the 
state line. Because of its use as a conve eyer of sewage » effluent and industrial 
wastes throughout much of its course in the State of Massachusetts, this river’ 


must be classified a as not better than yell In view of the fact that Massa- 
Health to control 


Hoostc River 


The ‘Hoosie River ¢ River a part of the northwestern section of Massachusetts | 


and the southwestern section of V ermont. _ It enters New York State a short © 
_ distance below Williamstown, Mass., where it becomes an important tributary 
‘to the Hudson River at Mechanieville, N. Y. The course through Massa- 


-_chusetts has a drainage ar area of 204 sq sq miles, of which 39.5 sq } miles is in V ermont. 
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3.—BrocHEMICAL OxyGEN DEMAND (B. O.D.) AND DissoLvep OxyGeEen (D.O. 
Hoosic River, Aueust, 19389 


This river rer receives considerable pollution from tn sii sewage of the 
: towne of Adams and Williamstown, from the partly treated sewage of the City 

of North Adams, and from | the industrial wastes principally from Adams and 

North’ Adams. The flow in this stream during the summer months of a dry 


year ii like 1941 has varied on a ae basis from 0.372 cu ft per sec per sq 


“ls In flowing some 16 miles from a above to a below Wil- 
lamst ing Augus om a 


own, during August, 1939, the Hoosic River varied in B. 0. D. from about 
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6 ppm above Adams to 35 ppm in parts of its onme in Williamstown. Inf! 


q D. O. content it varied from 0 ppm to about 8.7 ppm (see Fig. 38). ‘Under the abo 
minimum conditions of flow in the Hoosic River in 1941 the B.O.D. load : at § the 
Williamstown probably was in excess of the amount usual for a population of  cres 
more than 86, 000 ‘persons. The census population of Adams, North Adams, a 
and Williamstown totaled 39,115 i in 1940. _ Obviously this stream does not fall ” 

7 within class D and probably will not until facilities for more complete treatment a 


of domestic sewage and reasonable | treatment of the industrial wastes have been 


provided. 


the State of to its mouth i in Sound. Next 
- the Saint John River in Maine and New Brunswick, Canada, it is the largest. 
river in in ‘New England. Of its total drainage area of some 11, 345 sq miles, | 
105 sq. “miles is in Canada; 3,120 sq 1 miles, i in New Hampshire; 3,970 sq niles, 
in Vermont; 2,720 sq miles, in Massachusetts; and 1,430 sq miles, in Con-— 
; necticut. | From where the Connecticut: River enters Massachusetts to where 
it leaves the state (a distance of about 67 miles) it falls about 135 ft. Fr rom the | 
Dam near the Massachusetts-Connecticut line, still water extends 
nearly to the dam at Holyoke, Mass., a . distance of eek 17 miles. 


Paits per Million 


Distance, in Miles 


Fra. 4. GEN Demanp (B.0.D.) anp DissoLvep OxyGEN (D. 0.) 


D 
According to the analyses avai available t to the Massachusetts Department of th 
Public Health, at the -Massachusetts-Connecticut line, in August, 1941, the se 


Connecticut River had a B.O.D. of only 3.5 ppm as compared with a B.O.D. - | st 
as 3.4 ppm at Northfield near where it | enters Massachusetts and a D.O. content tl 
7 5.3 ppm as compared to one of 7 4 ppm at Northfield (see Fig. 4). a a - _ 


- During August, 1941, the flow in the vicinity ¢ of Montague (Turners rs Falls) @ si 
"near where the stream enters Massachusetts, and at_ Thompsonville, Conn., 


4 near where it leaves the state, was as given in Table ee 


‘The 
New Hampshire. OWS In & SOULer Ireculon between iNew Hiampshire § 
& 
Tho 
| SOU 
bu 
= 
a North npton | Chicopee —_Entield| ar 
| 


N ovember, 1 949 POLLUTION co 

‘The B. B. O. D. load in August, 1941, on this ri river, as it left Massachusetts was 
about 75,200 lb as compared toa B.O.D. load of 48,600 Ib when the river rentered: 
the state, an increase of about 55%. It should be hati possible | to in- 


crease the the classification of this stream to class | Cc. 


1.—FLow OF ‘THE ‘Connecticut RIVER AT THE Point OF 
ND THE POINT OF Exit FROM MassacHUserts 


square miles | In cubic feet In In million 


per second per feet per gallons 


square mile | second 
-Montague (Turners Falls), Mass. . 7,163 2,652 


‘RENCH 


ss., the French flows in a 


-Mass., 
Analyses and tests ; made the Massachusetts Department of Public 


- Health in October, 1941, showed that the B.O.D. of the stream at that time, — 
hear where it enters the State of Connecticut, was 14 ppm, with practically 


no D.O. present. 


BuacKsTone RIvER 
The Blackstone River has its | origin in the vicinity of Worcester, Mass., 
and flows in a 1 southerly direction a distance of about 26 miles to Rhode Island. 
In that distance it drains a large section of the City of Worcester and much of 
an area of about eleven towns in Massachusetts. The population of these 
municipalities, according to the 1940 cen Ww: vas about 249,000. 7 Abo 


much. as this river is the only outlet for ia of the yn of oni munici- 
=> and inasmuch as its valley i is highly industrialized, it receives much 


Sewage works of the City: of andi in the acid iron wastes the 
- steel mi mills of that city. _ These latter wastes” caused considerable e damage to 
the se sewage t ‘treatment plant during W orld W ar Il. 

Tn spite of the pollution re received in its passage through the state, this 
stream, during the tests made by the Massachusetts — Division of Sanitary 
in October, 1941 (during | a a period low runoff) 
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“Riven pee 


The Taunton River is in the southeastern section of 

- Massachusetts. Its total drainage area above Slades Ferry Bridge, so called, in 
‘Fall River, Mass., has been en estimated to be ¢ about 529 sq miles. Below East 

Taunton, Mass., this stream is tidal and nav 

miles after which it enters a more or less broad channel to the head of Mount 

‘Hope Bay. y. This bay borders on both Massachusetts and Rhode Island. a 

- 4 The principal sources of pollution of this river, in Massachusetts, have been fs 
the domestic sewage and industrial wastes | from Taunton and Fall River. 

This pollution (see Fig. 5) has s been s sufficiently pronounced in the City of 

Taunton to cause serious complaint in . those sections where the water “was 

devoid of oxygen and to cause great loss of fish life during run of alewives 

(see Fig. 6). _ Action through the courts by the Massachusetts Department of. 

Public Health resulted in court stipulations from which have come the ins 


Rhode Islan 


[| 


Taunton Berkley Bridge River 


stallation ¢ of industrial waste treatment works in the City of Taunton and eng engi- 
neering studies and plans for intercepting sewers and sewage treatment works, 

— in that city, contracts for which have been let. The City of Fall River also has 
prepared plans for intercepting sewers and s sewage treatment works, contracts 
- have bi been awarded and the sewage treatment plant is nearly completed. — At 

no time have the waters of Mount. Hope Bay been found to be polluted to 2 
_ such an extent as to reduce the oxygen content materially, but the bacteriologi- aa 
eal condition of the water of the river near its mouth, at no great distance from 
the bay, has been serious enough as as to warrant the closing of certain bathing — 
beaches i in the City of Fall River. _ 
‘Merrimack River 


Sis Merrimack River, which has its source in the junction of the Pemi- 
gewasset and Winnepesaukee rivers in the State of New Hampshire, , has a total 


watershed of about 5,015 ‘sq miles ¢ of which about 1,200 ‘sq miles is in Massa- 
— and about 3 3,800 sq miles i is in New waae Of the 1,200 sq miles | 
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in “Massachusetts about 669 sq. miles i is between the New ll 


| Essex at Lone rence, Seta, during 1942, averaged 0.435 
cu ft per sec per sq mile. The water t of the river (see e Fig. 7) at the time of 
“sampling, also in September, 1942, ‘contained about 6 pp ppm of D.O. and had a 
‘B.O. D. of about 2 ppm at the Massachusetts~New Hampshire state line. By 
the time that the river reached a a point below Lowell, Mass. (a distance of about 
11 miles below the state line), the D.O. had been reduced to 0 ppm and the 

—B.O.D. had increased from about 2.5 ppm to 30 ‘ppm. At a point above 


_ Lawrence (a further distance of about 7 miles) n near the intake to the City y of 
it _ Lawrence water treatment works, the B.O.D. had been reduced to nearly 5 — 
ppm and the D.O. had increased to about 6.5 ppm. The pollution contributed 


by Lawrence and its vicinity increased the pollution load 26 ppm and reduced 


- pollution from that city y and of the pollution above the « ity, the D. O. wale 
reduced to 0 ppm and, even at Newburyport, Mass., where the waters are tidal, 
‘the D.O. was only a little more than 1 ppm. — As it flows through Massachusetts 


to about 49 miles below, the New Hampshire boundary, the Merrimack River 


6.—Deap FisH In THE TAUNTON RIvER 


rw not not be classified sinieite than dime , and in parts of its course sit would be 


dassified as class E. 


- Because of these conditions the General Court i in ‘session in 1946 appro- 
- priated funds for a joint board, consisting of the Department of Public Health 
i and the Merrimack River Valley Sewerage Board, to investigate and study, 7 
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‘POLLUTION CONTROL. 
and to p prepare srepare plans ~~ maps for the disposal of sewage in the Merrimack | 
_ River Valley. Z This appropriation was not ‘sufficient to provide for more than 
a , preliminary investigation of the cause and the effect of the pollution with 
‘timation of cost of constructing remedial works; but, with the assistance of the 


laboratories of the Massachusetts Department of f Public Health 


Parts per Million 


ire 


New Hampshir 
"Massachusetts 


Fic. —BrocHEMIcAL Oxyeen Demanp (B.0.D.) anp Dissotvep OxyGEeNn 


‘neering Division, the consulting engineers conducted a very complete investi- — 
; gation, t the results of which have been printed i in a legislative document (Massa-— 
chusetts Senate Document No. 550, 1947). Asa a result of this. investigation, n, 
_ the joint board recommended that the following specific construction projects be | 
ee enaimuiaied or separately as fast as funds can be made available: 


Estimated con-— 
struction cost 


sludge with chlorination......... 7, 650, 600 
metropolitan | region, intercepting ‘rewers and 


_ The enabling legislation to implement these projects was submitted to the 


voters in the d district at the biennial state election i in 1948 and was: defeated. 
It is interesting to note from these observations that, although the principal 
interstate streams common to Massachusetts are polluted (and i in some cases 
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grossly polluted) in their passage through the state, the self-purification of 
" these streams, plus the present treatment (how ever inadequate) of sewage ! and 
industrial wastes discharged into them, has been sufficient in most cases to 
prevent a nuisance in any neighboring | state. ‘Similarly, it might be stated 
that, although some « of these streams are grossly polluted in their courses — 
: before entering ‘Massachusetts, none of them is sufficiently polluted to cause a on 
nuisance. — In other words, as they enter t the state all these ‘streams would be | 7 
“equal to, or better than, class D streams; and all (with the e exception, at times : 
of the French River entering Connecticut and the Hoosic River entering 
Vermont) have been found to be equal at t least to t that classification a 
Reasonable « compliance with the rules and regulations enforceable by the 
Massachusetts Department of Public Health, as a result of thi the passage | of 
Chapter 615 of the Acts of 1945, , should convert all these streams, in ‘most. 
parts of their courses, to a standard at least equal to class C; but, in many 
cases, improvements equal even to class C will require facilities for complete — 

treatment of sewage and ¢ chlorination of the effluent of treatment works. / 
_ grading beyond class C probably cannot be obtained unless the states can agree 

[ that bathing i in river waters containing purified sewage and industrial | waste is 
sufficiently necessary to warrant such classification. 

a The compact ag reements now made possible by acts of legislatures i in in Massa- 7 
chusetts, Rhode Island, and Connecticut (and later in Vermont, New — 
shire, and Maine) offer an effective method of improving interstate streams 

_ which di did not. exist prior to 1947. The New England Conference of State 


‘Sanitary Engineers has expressed the opinion that it 


eee oe appear fair * * * * for a downstream state to call for high 7 


standards of water in the upstream state and then do little in its own area 


* * 
to abate pollution — 


Just how the New England “Interstate Water Pollution Control Cor Compact 
~ Commission” will respect th this 3 opinion is questionable. The standards of waters 
(classes A to. D) agreed up upon ‘by the New England ‘Water Pollution Control 
_ Commission on February 1 11, 1949, would indicate that there is little disagree- 


“ment be between the states. _ 
 SuMMARY 


As early as 1935 the Conference of State Sanitary — of N New England _ 
“met and agreed on plan of stream cl classification for water pollution control 
consistent with the highest. use, ! and agreed to o undertake a a systematic project of 
sanitary surveys of all New England interstate waters. This plan was accepted 
by the commissioners of the health departments and by' the water commissioners 
having responsibilities i in water pollution control. 7 Inca carrying out its part of 
the plan, the Division of Sanitary Engineering o of the Massachusetts | Depart- 
‘ment of Public Health has made sanitary surveys. During a summer of mini- 
mum stream flow, like that of 1941, the principal interstate streams of the State 
of Massachusetts were found to be grossly polluted in certain sections of the 
State; but, before. leaving the state, even in the absence. of needed ‘remedial 
} ‘sewage and industrial waste treatment works, some of these streams were in 
as. satisfactory condition as they w were upon entering the state. From the 
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| analysis 0 of hae: surveys, however, there appears | need for improvement to 
make these streams of greater value for recreational purposes and for fish life. 
- Under acts of the state legislature the Massachusetts Department of Public 
Health is attempting to. . effectuate such improvement and it is hoped that by 
working with the compact commission this program for improvement will be 
expedited. As of September, 1949, the Massachusetts Department of of pone 
- “Health ha has succeeded i in bringing about the starting of twenty- eight municip 


Sewage treatment works or preparation. of plans for such works. 
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SANITATION COMMISSION FOR NEW YORK, > 
~NEW EW JERSEY, ‘AND CONNECTICUT 


By SETH G. HEss,* . ASCE 


___ ‘The Interstate Sanitation | ommission is canis of the e states of New | 
— Yor rk, New Jersey, and Connecticut, functioning through a tri-state. compact 
and the legislation of the e respective states. Its ts jurisdiction extendsfrom Sandy _ 
‘Hook i in New Jersey, through New York Harbor (including Arthur Kill, the Kill 
van Kull, and Newark Bay), up the Hudson River in New York State to the 
northern | lines of Westchester and Rockland counties just a above Bear Mountain 
‘Bridge. | In Long Island Sound, it extends to New Haven, on the Connecticut 
_ shore, —y Jefferson, i». on the north shore of Long Island, and on the 7 
Atlantic Ocean front to Fire Island Inlet. In general, this eens covers | 
only the coastal, estuarial, and tidal waters. 
Established i in January y, 1 1936, the c commission is the first interstate ag agency 
for the control of pollution. 7 The Interstate Sanitation Commission differs’ 


from most subsequent commissions, in in that it functions under a tri-state com- 7 


pact, and certain definite obligations, duties, and authority are vested in the 
commission by the three participating states. In addition to obligating the 
- commission to the control and the abatement of pollution, the compact or or treaty © 
provides | that existing state agencies cooperate. with the « commission in the 
accomplishment of its tasks. Accordingly, the commission has sought and 
“received the fullest cooperation of the various state agencies; and, wherever 

possible, the commission has functioned through them. mol 


‘The Tri-State Compact establishes definite chemical, bacteriological, and 
physical si standards that be before : any | sewage or 0 other 


It is not necessary to ‘weve . the existence of a health menace. — Accordingly, 
after consulting with the state agencies, it has been found, on occasions, — 
- the commission can function more expeditiously under its laws than can the 
state agencies under their laws. 
This. compact authorizes the commission to issue orders to a municipality — 
Or or other entity, requiring treatment of its sewage or other polluting matter, to — 
‘meet established requirements within prescribed time limits. _ _ When necessary, 
the commission can enforce its orders by bringing action in its own name in the 
proper court or courts. In this respect, the Interstate Sanitation Commission 
differs ‘markedly from most other interstate pollution c control agencies. 
Notwithstanding the authority vested in it, the commission has made 
(a) to avoid th the use of preemptory power to obtain its objectives, by. 


‘encouraging a cooperative attitude on the part of the ; municipalities: and enol 
entities; and (b) to cooperate with, and work through, state agencies wherever 


‘such methods give promise ofsuccess. 


and Chf. Interstate Sanitation Comm., New York, N.Y. 
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_ The cc commission has ) functioned s since January 24, 1936; and, despite the 
war interruption | of almost 5 years rs during which no construction was possible, 


new plants have been placed i in operation for the treatment of sewage from 


almost half of the | ‘population on of the district. 


numerous and 


The activities of the Interstate Sanitation Commission are numerous an 
varied and, for the purpose of this s Symposium, it will suffice to enumerate and 
“Stim briefly ‘only the more important functions. Public education is always. 
of prime importance i in undertaking any ty pe of | pollution : abatement pr ogram. ; 
From its s very inception, the commission recognized the need of carrying its 
_ story to the people. Speakers have appeared before various service organiza- 
tions, such as the Rotary, | Lions, Kiwanis, and various local clubs. — Publicity 
has been further ‘supplemented by newspaper articles on timely ; subjects w which 
_ were affected by the commission’s activities. © 
‘The of the Interstate Sanitation Commission ca can be 
a (1) Abatement of Pollution.—The principal feature of the pollution abate-— 
wa program concer ae Oe construction of sewage treatment works by munici- 


palities anc and 1 other en entities. In general, the e members o of the municipal governing ; 
- bodies rece recognize the need for pollution abatement, but they are faced with two 


| 7 obstacles. — ¥ The first is the difficulty of financing the proposed pollution abate- 
; - ment works, and the e second concerns the e reluctance of the taxpayer to assume — 


| tax ‘obligation and to recognize the advantages of pollution abatement. 
The commission authority to order the construction of these ish 
"projects; but, since its policy has been to make every ¢ effort to accomplish these - 

4 objectives through | cooperation, it has Ww orked closely wii with { the municipal author- 
= to find w ways and means of financing the ni necessary projects. — ‘Secondly, 


= education, the commission ae sought to inform the _— as to the a 


__ date of completion of the sewage treatment works and intermediate dates he 


various steps leading to the ultimate goal. During the unsettled times of 
7 World War II and the washable: construction market following the war, these 
time schedules had to be amended. As the construction yn industry has become 
- more stabilized, there is less need for amending : and p postponing the e dates 
established in the schedules in recent orders. 
WwW hen municipalities show evidence of establishing their own schedules 
7 
=e conform to the over- -all program of the | district, the commission has” . 
refrained from issuing an order. - Occasionally, it has been desirable to issue 
orders with the cooperation of the municipality, thereby "fixing the | established 
time schedule i in a more formal 1 manner. | Ina few cases th 8 the commission has 
found it 1 necessary -to make its own determination of a reasonable time schedule — 
and to formalize it in the issuance of an order to a municipality. a, Should the 


_ municipality fail to give evidence of making an honest effort to conform to the 
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POLLUTION CONTROL 
time schedule, the commission is then forced to resort to legal action. ‘There 
were 0 only two such cases in the first 12 years of the commission’s “existence. 7 
 Ingeneral, the smaller municipalities have been given approximately 3 years 
the preparation of plans and for the completion of constr uction. Obviously, 
some of the larger municipalities, of which New York, is the outstanding 
will require more — 3 years to accomplish the huge amount of 
Notwithstanding the longer periods « of time 
involved, almost without cogtion, the larger municipalities have prepared 
_ construction plans i in record time. New York, faced with a a difficult problem of 
nancing, is working toward a satisfactory solution to its problem | of implement- 
ng a comprehensive pollution abatement program Ww which, in 1949, was about: 


50% complete, in 1953 will be 75% complete, and in n 1959 will be treating all 


The second group of entities with which the commission must | concern it- 
self, are e privately -owned. Some of these are industries, and others are private 
real estate developments. ‘By fa far the greater number of of industries in the ter 
state Sanitation District are located close to municipal ‘sewers. In most cases, 
| the industrial flow is of such quality and quantity that it can be discharged into 
the municipal sewers and treated a at the ‘municipal sewage treatment plant. 7 
There is strong evidence that, by providing adequate municipal | sewage treat- 
ment, much of the industrial pollution | in the Interstate Sanitation District 
will ll be nenpnaed 7 Concurrently industries not favorably located with respect 


SEP 


DA 


it cannot be accepted by t the smite. ‘tere shown a very cooperative 
attitude. 7 Tn one instance, an industry spent more than $1,00 000 000 i in 4 years 

the development of a process to abate pollution, 
_ Private real estate development is no problem in the Interstate remngeanll 


District, ‘since private | treatment w orks are made a part of of mentees every new load 
project. 


Another phase of the commission’s pollution abatement 
the complaints registered and Teported w with the commission. . If possible a 
‘complaint i is referred to the pre proper state or local agency; but, if the complaints 
- are of a an interstate nature, they ar are investigated and acted upon by the cor com- a 
mission. Frequently, interstate conditions suggest | joint: conferences, as a 
a of which the complaints can be handled by local agencies. Pe 
Control of Pollution.— —The control of pollution second major 
- phase in the activities of the Interstate Sanitation Commission. Existing 
Sewage treatment works are required to provide treatment so that the effluent 
meets the standards established in the Tri-State Compact. . The commission 
Maintains a field staff and a laboratory for the purpose of control and to enable 
| ‘it to certify to each state ani the plants i in ee see are functioning in the ‘ 
Rm The commission uses extreme care to avoid iuiiiialinaas of efforts. Ifa 
7 state agency is providing adequate inspection, sampling, and laboratory ¢ control, 
- the ¢ commission merely verifies the work to a degree that will permit proper 


certification to the other s states. | If no . adequate laboratory control is exercised 
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by other agencies, the commission field staff spends 8 consecutive hours at the 
treatment plant taking composite samples and making | periodic observations 
of chlorine application, residual chlorine, flow, and other details, as well a as 
making determinations of tl the ‘number of coliform organisms present in the 
effluent. _ Laboratory determinations include removal of suspended solids and 
B.O.D. Several such investigations are carried out during the year at each 


- The result of these field investigations is of genuine value. The accumu- 


District. — _ Each year, requests are received for the publication of these data and - 

they have been made an integral part of published annual reports, 
te . Several additional phases of the control of pollution are p part of the cor commis- 
= s activities, such as a careful daily r review of the reported use of chlorine 


= the effectiveness of the treatment plants in. the Interstate Sanita 


for a reduction of the coliform organisms. Any serious deviation from the 
compact requirements results in proper steps to assure compliance. — _ The com- 
- mission has s likewise concerned itself with the proper use of by- passes and the 
establishment of controls, ' with the e cooperation of other local and state agencies. 
_ In this connection, an important function is to prevent the misuse of by-passes, 


= their continued operation, following the emergency that called 1 them 


_ Storm water overflows are important eres 4 to > the ph ant required for 


Many 


attempts to assure itself that overflows will wry functioning o aia during the time 
oe. when they are required. Likewise, it aims toward a more rational approach — 
on to the design of intercepting sewers in existing combined sewer - systems. 
_ 4 Many municipalities i in the area, having - combined sewer systems, plan to con- 
struct sewage treatment works. The intercepting sewer leading: to the treat- 
ment works is designed to accommodate the dry weather flow plus the first’ 
flush of storm water. As a Tule, t the first flush of storm v water is : 3 assumed to bea. 
factor of the dry weather flow, or or is assumed to be some e arbitrary ‘y quantity un- - 
related to either the storm or the flow of sewage that will pass into the stream 
while storm water is permitted to overflow the regulator. . As a result of the 
_ preliminary studies, it appeared possible to design interceptors to provide for 
- the dry weather flow plus the intercepted runoff that occurs in a predetermined — 
number of hours per year. Da To accomplish this, curves were developed to show 
the e frequency ¢ of rainfalls. at various intensities. The intensities involved are 
- small and the frequency of storms are large as as compared with the « data presently 
available in published time-intensity curves. Accordingly, it was necessary for 
¢ the commission to review rainfall data and develop time-intensity curves of 
-&s frequencies occurring m more than once ¢ @ year ar and for intensities of from 0.6 
in. per hr to 0.15 i in. per br. Byt the use of these data it would become possible 
to. estimate e the frequency of overflows as well as. tae actual volume of overflow. 


Although it is recognized that the sewage carried in the overflow is diluted by | 
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of in sewer r design. As summary of the | 
liminary study on this subject is included in the 1947 Annual Report, of the | 
 Summary.—Although the commission is clothed with a authority to compel 
r a municipality or other entity to take steps to abate pollution, the commission 
has operated through, and with, the assistance of state and local agencies ¢ con- 
cerned with pollution abatement as well as with federal a agencies. yeep So 


r ~The cooperation between the > commission and the various state and county 7 


agencies charged with | pollution abatement is so close that it is sometimes 
difficult to discern where the efforts of the state or local agency have ended 

and where those of the commission have begun. The commission has used the - 
power granted it only to supplement and to strengthen the ¢ authority of be 
state agency in bringing about a mutually desired result. iT The orders of the 
commission are based on reasonable dates of accomplishment, giving due re- 

gard to over-all conditions that may control, such as restricted materials and an 
“unstable construction industry, as well as as local conditions. The \ various state 


“ship | of the Interstate Sanitation Commission so that this commission provides 


a true ‘and intimate integration of all of all the the agencies having this common interest. 
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RIVERS AND HARBORS | IN THE DELAWARE | in 

RIVER BASI SIN app 

By JAMES H. ALLEN, ASCE 

degree to which the United States ean conserve its. natural resources, 

under its fundamental principles of constitutional government, will determine stat 

how long this nation can be a “beacon” for other nations. In its allotted | the 

sphere of activity, the Interstate Commission on the Delaware River ‘Basin con: 

 (Incodel) offers an example of a technique for such conservation that i is con- sup 

-sonant with well-proved democratic | procedures. Incodel subscribes to, and stat 


functions 1 in accordance with, the principle that the determination of policies | 

7 — and ——— for the development of of natural resources is primarily the re- 

sponsi bility of local and state governments, and of the people i in the region 

“directly cor concer ned. It freely ac admits that the central government—the federal 


Es a tremendous stake in such | programs; but it contends firmly: “tog 


that the entire problem must be approached on the basis of a ‘cooper operative | part- the 

_ nership in which all interests participate alike. In this spirit, Incodel | has | way 

been given authority to : act, not only on sanitation problems, but on all aspects ere: 


river and harbor development. the 
W hen it was organized, in 1936, Incodel selected : as ‘its first objective the con 
development of a a sound and. practical program for the : sanitary improvement | app 


- of the Delaware River and its tributaries. The plan, was ; founded on the as- 
od sumption 1 that the s state e and local governments immediately ‘interested | are 
ao competent to perf form the » necessary tasks. The fact that little or 


no progress had been made i in prior years is explained by the lack of a ecoordi- | the 


nating agency. It wa was forr merly a common Practice to induce industry, Per 

le into a region by “c chamber of commerce” ballyhoo of all kinds, offering lar 

» privilege of dumping , untreated water and filth into the nearest watercourse. ° wa 

Ww hen the ill effects of that haphazard practice became apparent, the separate ‘mit 

responsible for its correction began “passing the buck. In the cir- 

cumstances, this Teaction was natura ‘al; b but, _ as long as it ‘continued, progress Th 

“was impossible. The answer was a program for the coordination har- chs 

monization of all ‘conflicting policies and efforts. = ‘NOI 

this end, Incodel. invited the chief engineers: of the state te health de- ‘pre 

es partments s of New York, New Jersey, Pennsylvania, and Delaware to meet, _ 


present their individual problems and views, and formulate a joint plan of | Wo 

_ correction that would be mutually acceptable and advantageous to the entire $2 

‘Tegion. : The advisory committee thus formed met in 1 monthly conferences for 

more hen: one and a half years, and produced a plan for correcting the — 

tion problems of the Delaware Basin. The plan is is simple and effective. i - 3 

divides the | Delaware River and its tributary w watersheds into (o four zones, 2 and 


prescribes a a set of minimum standards for each zone as a guide for treating ’ ie 


municipal sewage, industrial wastes, and other pollution material. These 
t 
— ee establish a practical balance between the legitimate use of the riv er a 
| a: 5 Exec. Secy., Interstate Comm. on the Delaware River Basin, Philadelphia, Pa. —_ - 
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as a part of a sanitation n system and i its use for other purposes—present : and 


future, esthetic ar and economic. ic. Submitted to Incodel, these standards were 


“agreement which has since been. made law in each ¢ of the four. states. 
schedule for building collection and treatment facilities was devised by the 
advisory committee of state sanitary engineers, and adopted by Incodel. 7 _ 
The entire ‘program is administered by the long established agencies of 
state and local government: The state departments of health issue and enforce 
the orders : for compliance; the responsible ‘Municipalities and | industries design, 
construct, maintain , and operate the n “necessary structures; Incodel “merely” 


supplements : and eure the activities of all groups concerned. The Inter- 


ost No ie the states, their municipal and the 
eral industries eye one another with suspicion and jealousy. They are working 

art the case of Philadelphia and Camden, on directly opposite shores of the Dela- 
has ware River in Pennsylvania and New Jersey. In the years before Incodel was 


mly “together as a team for a common purpose and goal. As an 
=| “created, officials of each city excused their shortcomings on the plea that it was 


the responsibility of “the other fellow” to move first. Since that time, in 
the J contrast, both cities have a program of construction, the total cost of which will 
ent approximate $75,000,000 and each is eager to ‘complete its contract before the 
other. Similar ‘situations exist along other sections of river and elsewhere 
_ The commission has performed cdeonnittian service in harmonizing 
“the conflicting interests 0 of the federal government and the Commonwealth of 
| een in so far as s they c concern the e cleaning « of the Schuylkill River, the 
7 largest tributary to the Delaware ‘River. — ‘For more than a century the head- 
waters region of this stream has been a center of intensive anthracite : coal” 
mining operations. Its industrial wastes were carried downstream into the 
Delaware River, where they settled, to be a continual threat to navigation. 
This condition forced the Corps of Engineers, United States Army, to maintain 
channel dredges in that stretch of the river ‘continuously, and neither the state 
nor the federal government could ‘ ‘see eye to eye” in discussing a corrective - 
program, 
As the result of a study, Incodel was able to show both parties. how _a 


—_ benefit by a a joint project estimated to cost $35,000, 000 to thi to the state and 
tire $20 ,000,000 to the f federal government. 
for § That there are other ways of handling: sanitation or other r prob- 


- ems of resource development, will be evident from the several papers of this 


it Symposium. T The procedures devised by Incodel may not be best for other 
and areas, but, certainly, n no method can be 1 more in harmony with the principles of 
ting home rule and the American tradition, 
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POLLUTION CONTROL 


STREAM SANITATION N IN THE 
‘TENNESSEE, “VALLEY 


N. -CLARK,* M. 


‘The ultimate success of a regional program of resource development by 
a single governmental very largely on on the e expansion and the 
success of regional institutions and agencies. The greatest achievement will | 
result from a policy of leadership and collaboration, coupled with a willingness rs 
and a desire by the governmental agency to withdraw from active participation | 
in each element of the program as rapidly as local resources can assume Te 
"sponsibility. 7 The TVA is committed to such 1 a policy jn ms 
program of resource development, and this broad statement of general 
a will help to develop an understanding of the TVA stream sanitation ‘program, 


including its plans, its operation, , and its. objectives. 
No explanation of the ‘statement that the quality of stream water is one 

- of the basic resources of a region is needed . Pollution of a stream that restricts 
_ the use of the water for reasonable purposes affects not only the downstream 
user, but, in a larger sense, the entire region. Ifa manufacturer finds that his 

_ choice ofa manuiactusing site is limited by pollution factors, his adverse de- 
cision sets in motion a series of widening consequences; and potential loss of a 

: a = w industry represents not only the loss of pay rolls and taxes, but a potentially 
: ‘Joweren community standard involving both private enterprise and public ser service. 
7 4 Conversely, a reasonable protection of stream water quality promotes the 
4 welfare of both private and public interests, and benefits the region ¢ as a whole. 

1 _ If the objective of a stream sanitation program is to improve water quality 
$0 that th the most productive development of a river basin is possible, what are 

- the s steps: to be taken toward that goal? - Step 1, of course, i is a definition of the 

— problem—n a statement of the nature and the amount of polluting sub- 

a ‘stances reaching the stream, and the capacity of the stream to receive pollution 
4 without damage. — Step 2 involves ions of what constitutes damage 
toa ‘stream, ¢ and what a are the limits of reasonable use. Step 3, after ¢ defining 

- the problem, is to secure the needed degree of abatement of existing pollution 
and to set limits on new ‘pollution. © In each of these steps, the TVA partici- 
a pates, keeping i in view at the same time the necessity of developing strong state 

- organizations that can pick up the program and thus permit a ‘progressive 

withdrawal of the TVA from active participation. 
In step 1 (the evaluation of the sources, nature, an and degree of pollution) 
4 re TVA has maintained a fairly comprehensive current record of river pollu- 

tion by sewage and industrial wastes. _ The stream sanitation staff is in & 
position to make detailed studies of waste materials for the information of 

either regulatory agencies or any industry or municipality concerned. — —«=&B Before 
initiating any such studies, however, the ability of | interested parties to partici- 


is investigated, and the TVA adheres closely to the policy of 
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viding only s such services or equipment as are ‘not otherwise readily ly available. 
For example, the City of Chattanooga, Tenn., re retained a consulting engineer 
in January, 1947, to design a system of intercepting sewers and a “sewage 


- treatment plant. ‘ Both the city and the state health department needed basic 


information relative to the volume, strength, and character of the “sewage— 4 
the city’s s need being for design data and the state’s need being for a basis - 


review and approval of the plans to be submitted by the city. At the request 


of the state, the TVA began : a program for which Chattanooga furnished — 


sampling personnel, constructed the  hecessary wi weirs, and provided laboratory 7 
space, and to which the TVA contributed the services of chemists and bacteri- 


ologists, some laboratory equipment, and certain flow 7 Measuring devices, none 


of which were otherwise available. The TVA progi ‘am was ) doubly | beneficial— 
first because data were acquired at relatively low expense and, second, ‘because 
a project leading directly toward pollution abatement was advanced. a _ 
Step 2 (determination of the capacity of a stream to receive , pollution with- 
damage) leads to a more complicated relationship. The TVA does not 
attempt to establish criteria governing the degree of pollution with relation to 


stream flows: or other stream characteristics, or with relation to the possible 
uses of the water. — The development of criteria is a function of the several 


‘states, through their regulatory ag agencies. — To the fullest possible extent, the 


TVA furnishes information on present or anticipated water uses, and also in- a 


vestigates the effect of existing pollution on the stream, to aid the state agencies - 


ifthey desire it. 
‘Some_ of these stream investigations | are exceedingly interesting. A tech- 


nique has been developed to trace a given “ “slug” of water downstream and to 7 
“relate the sampling a at successive points, not only to the: position n of the prism of 
water under study, but also to the time of water travel. This method permits : 
the determination of rates of B. 0. D. reduction and reoxygenation, and at the 7 
same time takes into account the effect of side e pollution and ny -etien' factors. 
One such special study was the tracing of a given mass of water through Chero- — 
kee Reservoir in Tennessee. - This study continued for a about 90 days, which 


is the: time required for water to pass: through the reser voir. The results are 


only interesting, but valuable, in that it a close estimation of 


ence to any given source a 


In making field studies, TVA activity is fully correlated with the work alll 
the different states. In North Carolina, where a pollution study is under way, — 

“leading toward possible legislative action, the state studies are being | concen- 
trated on the area outside of the Tennessee watershed, and the TVA is providing 7 
service in its own area. : In Alabama, during a study of bathing water quality, — 


the field ‘sampling | was done mainly by the T TVA, but ‘samples were ex examined 7 


in the s state health department laboratories. 
Although the TVA does not establish the criteria for water quality i in the = 
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POLLUTION CONTROL 


Too many times pollution control programs have been shattered on the rock — ) 
of unreasonable demands. _ For example, if one group favors a program that 
will i improve fishing, i it is reasonable to examine the subject and to determine 
the e locations and conditions conducive to fish propagation, the areas favored — 
: by fishermen because of accessibility or for other reasons, and similar pertinent 
- factors. _ Following such a a study the investigator should determine the possible | 
arising from excessive pollution in specified localities. 
Step 3 in a pollution control program is abatement. — There are two ap-— 
: proaches | to this problem, one built on a mandatory action, the other ‘seeking | 
voluntary cooperation. © _ Experience has proved that voluntary a action alone is 
‘not sufficiently and that an effective program n must have the backing 
expected. The TVA does 
: coy have regulatory powers so far as stream pollution i is concerned, the legal 
= ; authority for compulsory action in every case lying with the states. ‘The »TVA 
ae ~ can put vital information in the h hands of the states, however, and, with the 
background of state authority, can encourage voluntary action leading toward 
pollution abatement. instance, in cases where new industries are 
templating locating i the Tennessee River Valley, the TVA advises the i in- 
| dustry | of existing state laws 1 relating to stream pollution and lends its full in- 
- fluence t to the support ¢ of such laws. In disposing of marginal lands, the TVA 
often writes a provision into the instrument of transfer holding the discharge of 
pollution into a stream or reservoir to the limits established by state laws . 
] Another ty pe ¢ of f activity is assistance to industrial groups in the develop. 
ment of methods for or recovery or treatment o of industrial wastes. _ Studies il 
; ‘specific wastes are generally undertaken only when the results will be of value, 


not to one plant, but toa related group | of industries. Assistance may involve | 


‘such activities as compilation and review - of scientific literature, economic study 


of markets for recovered material, or field and laboratory studies of wales 


of waste treatment. 


«Still another type e of f activity deals: with the quality of water supplies for 
‘both industrial and domestic purposes. Information is provided on request 
_ to any prospective water user relative to the chemical, and sometimes to the © 

ir bacteriological, characteristics of most of the important streams of the Ten- 
-nessee Valley. Reports | on industrial water supplies are kept up to date a and 
from time to time to insure maximum utility of the 


or of pollution, particularly i in cases of publie 


water supplies. example is a study being conducted on Guntersville and 
- Wheeler reservoirs in Alabama in an effort to trace the sc sources of ‘objectionable 


tastes and odors. This investigation extends over hundreds of miles of river 
and includes investigations of both sources of odors and methods of seentinai 


es Closely r related to 10 the quality of water supplies is is the quality of water in 
recreational areas. ‘The er creation of a large chain of lakes in a region n of striking — 
scenic beauty naturally leads toward an extensive development of 


mercial and private recreational facilities. To permit: a maximum 1 use of 
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POLLUTION CONTROL 
lakes without, at the same time, permitting an unwarranted exposure of the | 
public health to hazardous conditions, a concerted effort is being made, partic- 
ularly in Kentucky, Tennessee, and to determine safe recreational 
areas. Studies of a cooperative nature, using the resources of the states and _ 
the TVA together, include sanitary surveys, sampling of individual areas, and 
_ river studies to trace the sources and persistence of bacteriological pollution. 
Underlying all the varied detail « of the TV AU stream ‘Sanitation program, 
there is a dominant pattern that cannot be described fully i in a few words, but 


that can be ‘summed | up as “cooperative effort.” There are many obvious ad-— 


ages in 


in having a federal agency assist with problems of an interstate 


nature; what is not so obvious sometimes is the need to ) strengthen e every -com- 
sr of state and local government, every local or regional industrial organi- 
ation, and e every y consulting er engineer, who is attempting to reduce pollution. 
‘No group is strengthened when a federal agency takes over its functions. It is 
more practical to facilitate a record of successful accomplishment, to build — 
‘prestige, to interest correlative groups or activities, and finally, as the local | 
- vice is established, for the federal agency to withdraw as completely — as 


+ possible, leaving a a strong local organization adapted to meet its own problems. : 
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D OF DETERMINING 
SPIRAL 
‘By MICHAEL V. SMIRNOFF,” Assoc. M. ASCE 


SyNopsis 


ee There is no intention on mn the part of the v writer to advance a a new theory for 
the transition spiral design, | but rather to consolidate what has already been 


known into some ne well d defined expressions | that could be used to better radvantage 


the length of. transition spiral ae as a a funetion of three ‘quantities—the speed, the 


SS of f the circular curve, e, and th the maximum rate of superelovation on the - 
curve. 


point on a space curve. 7 The general e expression n for the acceleration of a particle 


in feet per che t ra time, in seconds; and p| be the radius of ect at any 


moving along a space curve is 


in which acceleration G, itself a vector, is represented a as s the su sum m of two vectors — 
comprising tangential and normal accelerations, 7 being a unit: vector in wsdl 
direction of the tangent at s any point of the curve and N being a unit vector in — 


a the direction of a normal at the same point. In the case of a uniform ‘motion. 7 
along this, a as yet, undefined curve > (that i is, if v is a constant 0, and 
Eq. 1 becomes © 


oiIft the curve curve is sa‘ “plane” curve, the a acceleration vector will lie in the plane 
of the curve and in the direction of the radius of curvature. — This direction - 
| will also _— the d direction of the | force ree acting on the particle, since F= m a; ; thus, 


te _—Ww ritten comments are invited for immediate publication; to insure publication | the last dis- - 
_ cussion should be submitted by April 1, 1950. b 


_ + Lecturer, Dept. of Eng., Univ. of California, Los Angeles, Calif. 7 
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Ifa body, such as an automobile, moves along the pavement which may be 
‘superelevated, there will be another force acting on the center of of gravity of 
the body also directed along the radius of curvature of the curve which the 

center of gravity | describes. _ This force is a radial component of the weight of 
the body and is equal to Ww sin 6, in which alba mg is the weight of the bod ‘7 

g being the acceleration of gravity. - The angle of superelevation, 6, is ‘usually | 
that 6 = sin@ = tan 0. 


Ther net force acting ‘radially on on the body is _ 


‘Considering : a unifor mly i increasing 1 rate of superelevation from zero at the 
beginning of a curve to €max per foot of width of pavement at the end of the 


- curve, the rate of _ ne e = 6 at a distance S from the beginning of 


the curve will be e =8 gt Thu us, Kq. 4 becomes a 


- A transition spiral now wa be defined in a usual manner, as a curve of 


uniformly changing curvature along the curve ®, thus, 


7 


_ 


a The rate e of change of this r ra dial acce 


alon 
ng the curve is 


and, since the rate of kone along the curve was assumed to be constant 
.. 
(t that i is, is a constant —, = 0, or 


As all terms terms on the right side of of ‘10 are constants, is also a constant; 


Has = in which $2 
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‘TRANSITION SPI IRAL 


S, is the | length of transition 


At the point where the transition ‘spiral j joins : a circular curve of radius R, 


=; and, from = R S,. Eq. ll becomes: 


CRS.) S.=g0RS, or — _CRS, = = 90 Remax; 


whieh i is the final ex expression 1 for the length of the 2 transition | 


spire 
If the effect of superelevation we were neglected, ; 


Eg. | 13 is the formula widely wel for the length of transition spiral. 7 The 


‘constant C has received much attention in engineering literature but quite too 


_ often with no consideration given to the effect produced by the superelevation. 
- The fact i is that the term representing the effect of pene should be. _ 


eases and thus will to reduce the lengths of ise 
‘Spirals, especially on flatter curves. Considering, for instance, a speed of _ 
60 miles per hr (or 88 ft per sec) and a maximum rate of meudvedion of 7 


= per ft; and, using C = 2, which is is one. of the values used in ™. om — 


09 88 X 322X010 
a curve, ‘such that = 955 X2 x 


7 By definition, C = Ta ; that is, C is a constant rate of change of f acceleration 


with respect to time. : Such a quantity is a little hard to visualize, a and abetter | 


da 
‘conception of it may be as follows: C da g aF : 


=> =- > —_— 
— 


adi. 


In Eq. 14, Cisa rate of pounds per second per 
_ pound weight of a driver or a rider, multiplied by. the acceleration of gravity, 
at t which the driver will be pushed radially when riding around the curve. _ 


l substituting — = —in Eq. 10:— = 

a 

a 

7 

lower than the generally recommended value for the same conditions. 

It appears that a lower value than C = 2 should be used in Eq. 12. The 
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“TRANSITION SPIRAL 
it appears that a theoretical investigation can go no further, and that the 


net desirable value for the magnitude of this rate of change of force should ; 


———— by some reliable practical ‘method. The pa papers that have a ap- 
ared in engineering literature indicate that several investigations of this kind — 
ve » been | made with rather inconclusive results because, apparently, it was 7 


= to place too much reliance on the personal ; reactions of the p performers 7 
in the experiment. What may be considered as as a desirable condition by one 
driver may appear uncomfortable to another. _ 

Ww ithout : any further experimental investigation of the relative validity of 


various C-values, it t seems t that some fairly conserv vative value should not be 


- difficult to. agree upon in view of the fact that C, as used i in Eq. 13 ‘(that i is, 


mall range 
a values—between 1. 25 and 3. In railroad practice, Cs seems to approximate 


the value of 1. 25, whereas some highway departments seem to favor C = 3. 
To obtain corresponding values of S, from Eq. .12, (that is, - considering super- 


elevation), C-values should be somewhat lower, 


‘TABLE 1.—CoMPaRATIVE VALUES oF THE LENGTH OF SPIRALS FROM 
Eq. 13, Given BY AND Ea. 12, Given By S,, 


Various VaLurs or C 


in 


feet per 
| in feet RC fect 


446 248 198 354 538 


357 
285 159 126 


198 159 
is 182 


ooucoo 


178 


Table 1 shows comparative values of S, as computed | by Eqs. 12 and 13 for 


* speed of 60 miles per hr for 7 various values of C. ‘It remains to reduce speed 


v, in feet per second, to Vv, in miles per how hour, in Eq. ‘12. Since 44 ‘ft per sec 
30 miles per hhra and g "32. 16, 


From previous discussions of the subject in engineering literature it seems 
_ Teasonable to assume that the value of C in Eqs. 15 should be about 1 ft per sec’. 
In conclusion it may be pointed out that with ever increasing speed of t traffic 
- the w uniformity. of practice i in ie oe is essential to safe driving, g, since 
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Mechanics of Supercritical F low. 


Design of Channel Curves f for Supereritical Flow. 


. Design of Channel Contractions 
ion, _ By Arraur T. Ippen, M. ASCE, anv Joun H. Dawson, Jun. 
4. Design of Channel Expansions. 
By Hunter Rovss, M. ASCE, B. V. Buoora, Assoc. M. ASCE, 
En- 


_Nore.—Written comments are invited for immediate publication; to insure publication the last dis- — 
cussion should be > submitted d by April 1, (1950. a 
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-HIGH-VELOCITY FLOW 
OREWORD | 
leh specific problems of high-velocity flow arising from changes in 
open- -channel cross s¢ section or alinement had | frequently been solved by model ; 
mode: 
tests, “not until the. early 1930’s did the broad applicability of elastic-wave 
analysis: to such gravity-wave phenomena become evident. The resulting 
principles of wave mechanics w ere first applied at the California Institute of © 
_ Technology at Pasadena in 1935, during the study of flow around the curves of - 
_ the Los Angeles County flood-relief channels i in California; shortly thereafter 
similar applications we were made to channel contractions at Lehigh University i in 
Bethlehem, Pa., and d the Massachusetts Institute of Technology in Cambridge, 
and to channel expansions at the State University | of Iowa in Towa City. ca 
In to the solution design | problems, these 


Several papers certain ‘phases of the investigations were 
published, but the major part of the material remained in the form of graduate 
theses and reports to various public and private organizations. Therefore, 
“much of the essential information did not become readily av available to the p pro- | 

: fession, and in no way could the engineer secure a unified treatment of the — 
~ Because of this : deficiency in the technical literature, in 1946 the newly 

formed I Fluid Mechanics Committee of the ASCE Hydraulics Division | under- 

took as one of its initial projects the s sponsorship of a | comprehensive symposium 

on the design of curves and: transitions for high- velocity flow. This was 

= tas as a series of correlated papers, prepared by those who were responsible 7 

for the original investigations and so organized as to include the - underlying ; 
principles of wave analysis as well as their application to the primary types of q 


transition structure. The high lights of the Symposium were presented to the : 


1948 Annual Mastion of the Society, and the } papers themselves are reproduced 
for discussion in tl the following B pages. | Iti is hoped both by the authors and by 
‘the Committee on Fluid Meshanien that the ultimate r result will be a ¢ compact 
_ yet inclusive treatise on the subject which will prove of practical value to design 


engineers; 
Notation. —The following letter symbols, a adopted for the Sym mposium and 


Letter. Symbols for Hydraulics (ASA—Z10. 21942), by a a committee of 
the American Standards with participation, and adopted 


width 
= celerity of small waves = 


_d = height of a sill; 
= - number; 


— 

nn could be completed without recourse to experiment and complex designs | 

= 

— 

— 
| 

ee q 

| 

= 


= specific head; 


ical depth; 
= depth; h, = critical depth; - 
ee wan actual sin n By 
=a correction factor = —————_.-__— 
"theoretical sin Bi’ 


= rate of flow; 
= slope: S. = cross slope; 
_V = mean velocity = Q/A:. 
Wy. = eritical velocity; 
wig dimensionless velocity; 
ongitudinal ‘distance from ‘beginning of expansion; 


] 
distance from center li line; 


= weight; 
= deflection angle: 
= small but finite an; 


= angle of curve of the entire 


we  Tength in n the 1 main curve; and 


= mass 


h 
L = distance along a nanne 
= 3 
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in | 
z= 
a 
ns 
— 
nS 
re, 
wr 
= 


‘HIGH-VELOCITY FLOW 

HANICS OF OF SUPERCRITICAL FLOW 


By ARTHUR T. IPPEN,1 M. ASCE 


Srsorsis 


‘The theory of high-velocity flow—flow defined as shooting, rapid, or super- 
-critical— -is presented comprehensively. _ The principles d discussed find practical 

application i in the e design of all open- -channel structures in which surface dis- 
turbances and standing waves appear as a consequence of the ge geometry of the 
lateral boundaries. These surface disturbances subject to systematic 

analysis on the basis of two distinct methods of approach: 
t 


1. Gradual surface changes — may be analyzed on the basis of “constan 


1 . 5 ‘Standing wave fronts of appreciable height (so- called oblique or slanting 


hydraulic j jumps) can bec computed, , considering the energy dissipation inveived. 


_ Graphical : aids for the solution of both types of problems a1 are given in \ detail, 
the characteristic disturbance 


number of basic cases. Specific verification of ‘the : theory by experiment is 
left to subsequent papers of the ‘Symposium. 


In recent years the hydraulic designer has been 

with problems of high-velocity flow in steep flood channels and spillway chutes. 
The ‘specific character of such flow results from the e fact that the velocities 
exceed. considerably | the critical velocity ‘and therefore the velocity cat which 

_ surface disturbances and waves are transmitted in in free surface flow. It was 

found that similar problems of design are encountered in the field of high- 
_ velocity gas dynamics and - that, by analogy, a hydraulic theory could bed 
deduced from the concepts” and analytic developments already available in 
that science. Definite findings have resulted from intermittent. ‘research 
ducted since 1934, and the accumulated experimental evidence ‘confirmed 

essentially the soundness of the theoretical approach. — . Within the limitations 
imposed by the fundamental premises of the theory, consistent qualitative and 
- good quantitative r¢ results were obtained which justify the comprehensive pre- 
sentation of the work at thistime. 
The historical development of research in this field may be summarized 
“brief. In the United States the first impulse toward work in this field came 
> n the uae thirties when the ¢ engineers s of the Los ; Angeles County 
Flood Control District found the conventional methods of designing flood 
i not applicable to the steep gradients employed i in their area of service. 
they therefore - approached the ‘Hydraulic > Structures | Laboratory a at the Cal 

- fornia Institute of Technology, under the direction of R. T. Knapp, M. ASCE, 


= a to study the flow at velocities curved 
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sections of rectangular shennan in the laboratory. Extensive te tests were ie 
performed by the writer from 1935 to 1938, under a variety of conditions as 
far as radii, slope, and channel forms were concerned. — ‘The test results** = 
pointed toward characteristics of such flow, Ww hich according to Theodor von 
Kérmén,* M. ASCE, had their counterpart the supersonic flow of ‘gases 
and to which the previous findings for such | flow could be adapted. 7 The appli- 
cation of these principles resulted in a remarkable correlation of the test data. 
It also became clear that a general method of analysis for supercritical flow had be 
been found which could be applied to the study of the design « characteristics 
~The analogy. of supercritical flow of water to supersonic gas flow had been 
pointed out also by D. Riabouchinsky’ ‘and L. Prandtl without experimental © 
evidence. Ernst Preiswerk® worked on the extension of the theory and con n- 
ducted a number of systematic experiments on a So- -called_ Laval nozzle a 
Ziirich, Switzerland. Although these writers were primarily interested 
applications to supersonic flow of gases, work was continued more oa 
_ hydraulic lines. at the Califor nia Institute of Technology under Mr. Knapp’s 
- direction, at Lehigh University, at the Massachusetts Institute of Technology _ 
under the direction of the writer, and at the lowa Institute of Hydraulic Re- 


search in in Iowa City under the | direction of Hunter Rouse, M. 


Nos. 2 to Ai ina a form adapted to the s specific problem of f design under ys ; 
_ By contrast the task of this paper is an outline of the general principles of super- 
critical flow and a complete development of the fundamental train of ideas for 


those interested i in the general physical aspects of the various problems. — 


The theory of nonuniform supercritical flc flow as reflected by it its treatment i in’ 
conventional texts has been concerned mainly with the changes taking place’ 
in only two dimensions, length and height. Depth and velocity changes are 


telated i in general to the slope and roughness { factors by the backwater equation 


and its basic solutions, § giving surface points as a function of distance. Lateral 

changes of cross section are absorbed into an average depth and the cross slope 

< always assumed to be zero. Although this method is justified for. subcritical 

flow, it must be rejected for supercritical flow because of the appearance of 

2**A Study of High Velocity Flow in Curved Channels of Rectangular Cross Section,” by 


- R. T. Knapp, Transactions, Am. Geophysical Union, Vol. 17, 1936, p. 516. 


- 8“An Analytical and Experimental Study of High Velocity Flow in Curved Sections of Open Chan- 
nels,” by A. T. Ippen, thesis presented to the California Inst. of Technology at sueateme, 5 in 1936, , in partial 
4 fulfilment of the requirements for the degree of Doctor of Philosophy. = ~~ 


Investigations of Flow in Curved Channels” (abstract of and recommenda- 
tions), by A. T. Ippen and R. T. Knapp, U. S. Engr. Office, Los Angeles, Calif., 1938. Spee 


Flow Liquids with Free Surfaces at Velocities Above That of Wave Propagation,’ 


by R. T. Knapp and A. T. - Ippen, Proceedings, ‘Sth International Cong. of ——— Mechanics, Cambridge, 
Mass., 1938, p. 531. 


Strémung in Offenen Gerinnen,’’ by Theodor von Ka4rmén, Zeitschrift fiir Angewandte Mathematik und 


Mine praktische Anwendung der . Analogie zwischen Uberschallstrémung i in — und iiber 
February, 1938, pp. 49-56. 


“*Abriss der Strémungslehre,” by L. Prandtl, 1931. 


Loner 9**Application of the Methods of Gas Dynamics to Water Flows with Free Surface,” by Ernst Preis- 
_ werk, _— Memoranda Nos. 934 and 935, National Advisory Committee for Aeronautics, Washington, 
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| 
result of lateral boundary changes for such flow. The 
dows types of backwater curves discussed by the classical theory can be 
as valid only for rectilinear supercritical flow between parallel 

walls and for zero cross. slope of the bottom. If these conditions are not ful- 
filled, considerable errors are to be expected from | computations in in accordance _ 
with this theory, although computations for subcritical flow are acceptable. 
The physical difference between subcritical and supercritical flow is best 
revealed by the specific-head diagram (see Fig. 1). _ A few remarks may sum- 
“marize its significance with respect to this p paper. 


Subcritical Range 


Depth, 


— 


Fic. 1.—Puor or ‘Sprciric Heap Versus OF 


B In subcritical flow the velocity head V?/(2g) is usually a small per- 
centage of the @ specific head H; considerable changes in boundary a alinement. 
cause dynamic pressures which may be large percentages of the velocity head, ‘. 
but they remain small when expressed in terms of depth. It is therefore nor- 


er ‘mally safe to assume hydrostatic pressure distribution for gradual boundary 


curvatures, w whether on the bottom. or along the v walls. Also, large variations 
in H are synonymous with large variations of of depth. = 

- | In supercritical flow the velocity head not only is comparable to depth h 
7 in order. of magnitude but, in most cases of practical interest, exceeds the depth 
considerably. — In thi this instance, large | variations in n specific head H are equiva- 
“lent to large changes in velocity head. ‘Slight curvatures of the boundaries 
may cause. relatively small dynamic pressures in terms of velocity head, but 
: the changes i in depth o or surface elevation will be: relatively large. Hydrostatic 
‘mene distribution may altered radically, while velocity head is” 

changed ¢ only a a small percentage. 
OO 8. Flow near the so-called critical depth, w Ww hen V = = Noh, results in values 
he and V?/(2 of the order of magnitude. While H 
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-VELOCITY FLOW 
Slight variations of H cause large changes in V2/(2g) and h. Since slight 
changes i in boundary alinement, because of their influence on the hydrostatic - 
pressure e distribution, correspond in effect to ‘slight variations in large 
disturbances result as far as the depth and velocity head are concerned for 
flow near ‘critical velocity, as evidenced by high undulations. Since the 


V/V gh is generally recognized as the Froude number, F, it is used subse- 


a 


quently to characterize these flow conditions. The flow deseribed in item 1 
therefore corresponds to Froude numbers smaller than unity, 1 whereas for the | 


flow described in item 2 the Froude number is always larger than unity. ~ For” 


flow at critical depth F equals one. 


i The critical velocity V = -Vqg h also has significance as the velocity with © 


which | very small « disturbances or gravity waves travel in shallow water. 
However, it must be remembered, that waves of large height travel faster than _ 


| those of small height and consequently « are able to travel upstream even in 


supercritical flow, whenever the wave velocity exceeds the velocity of flow. 
; = If the velocity of flow changes along t the line of travel o of such a high wave, a 

position is eventually reached where the velocity of flow equals the wave 
velocity. — Such . a , stationary surge or wave is well known as the hydraulic 
jump, the theory of which i is assumed to be familiar to > the reader, 
7 Gradual changes in in super reritical flow « can 1 be treated by conventional 
methods on only as long as the flow i is confined between parallel, rectilinear walls” 
with zero cross slope of the bottom. 7 Only then will the theoretical surface 
curves apply as computed for cases” of accelerated or decelerated motion in 
long channels and vertical transitions. _ The same restrictions man ¢ for ‘the 7 


transition from supercritical to subcritical flow in the hydraulie j jump, con- 
ceived as a standing surge at right angles to the flow. — mee a 
The theory of nonuniform flow at supercritical velocities i is extended i in the 
following text by the additional variants of curvilinear walls and by the abrupt 
_ changes of wall: alinement considered under specific assumptions, which are 7 
‘outlined as the treatment proceeds. Ina addition to velocity changes i in the : 
original direction of flow, changes i in the direction | perpendicular. to the original - 
one are computed in connection with transverse changes of depth. The sur- 
face, therefore, i is no longer ‘considered horizontal crosswise or of a definite cross 7 " 
_ ‘slope; - but its classification 1 may become qu quite ai ar bitrary. The only y restriction | — 


Ee is that vertical changes in velocity be neglected, which requires in 7 
| 


turn that the pressure distribution remain hydrostatic. . Tt will be shown | that 


channels and through converging and diverging dheneule as long. as the eine 
assumptions are fulfilled. The limitations imposed | by these shapes are clearly 


ewe in connection with individual applications. The ] physical features of 


‘such flow are characterized by oblique standing wave rng? originating at the 


_ Walls of the channels at the points of changing ali ali inement These | waves cross 
"the ¢ channel to to the opposite wall, where they are. reflect ted, and i in this fashion 7 


continue almost undiminished in the downstream | direction. Of course 
this visible evidence of boundary disturbance is made up of a multitude of 
small disturbances, the he characteristics of of which may now be taken up in detail. 
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a. uniform, rectilinear flow i is assumed for depth ha w with a velocity Vii in a 


wide rectangular channel. streamlines are parallel throughout. If the 
flow is now disturbed at any point by placing a an obstacle i in the stream, the 


rely of the stream will show deformations 1 whose characteristics are de- 

pendent on the value of the velocity Vi with respect to the critical velocity 

Vghy ghi, which i is equal to the celerity c of small waves. If the velocity Vii is 

; ‘smaller than 1 g hy (that i is, if F, = V /~ g ha < 1), the flow. upstream from the 

obstruction will be affected | by presence of the obstacle. The backwater 

will extend a a long distance upstream considering the dimensions of the ‘obstacle, 

anda a typical wake will appear in the he rear of the obstacle. © _ The streamlines 

will be deflected in all directions over a considerable area in conformance w vith | 
the shape of the body. iit. the local velocities are expressed as percentages of 

the initial 1 velocity V1 » a dimensionless streamline pattern may be be drawn which 


remains ‘geometrically similar for a wide range of variation in Vi and hy or 


better, for values < Surface depressions or superele 
marked. If the flow conditions are changed, however, so that Vi 
the value of Vg hi g hi or or F, ‘approaches unity, a marked change i in the flow pattern» 
becomes apparent. Flow conditions at critical velocity would nevertheless 
stil cause a backwater, since in 1 such a more or less hypothetical case the 
ok slightest obstruction would cause a wave of sufficient height to travel upstream — 


and the obstruction would remain surrounded by : subcritical flow. oa ca 


Only if the e velocity Vi increases sufficiently : above the value of g hy is 
it possible to have | a sizable obstruction ¥ which will not exert any influence 
upstream, as will be shown in detail subsequently. It may y suffice to state 
for F, > 1, in general, typical standing wave patterns appear as a con- 
of any obstacle placed in the stream. These patterns will: change 
with F, , and therefore the resistance created by flow obstructions will also 
change as a function of F. For supercritical flow, in contrast to subcritical 7 
flow, it i is no longer possible to ) describe 1 the streamline patterns s independently 
fi 
of * since these patterns do not r remain geometrically s similar as before 
- guberitical flow, where they are subject only to Reynolds number distortions | 
or frictional distortions. attempt, therefore, to express head losses 
due to flow obstructions in terms of the Reynolds ‘number only is impose : 
unless similarity exists with respect to to the F Froude number. a ] 
Basie Properties of Standing Waves. —If the discussion i is confined at first 
to relatively small disturbances, @ very useful an analysis may ‘may be made which 
7 will aid greatly i in anticipating the performance of numerous hydraulic struc- 
a tures in supercritical flow, w whenever the changes in in 1 boundary alinement al along. 
a within the flow or the side walls are gradual. In such cases 
resulting therefore in small changes 
of depth. For this reason accelerations can be neglected entirely, and 
consequently hydrostatic pressure distribution will be assumed to e exist over - 
the depth of flow at every point. — _ The flow field shown in Fig. 2 conforms with 
| _ these assumptions. Ir In addition, the velocities are taken as constant over the 
dept nd the energy diss pation is disregarded along the bottom : and ¥ within 
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- the zone of change from depth h, to depth hz. The assumption of zero shear 
along the bottom may be modified by stating that the bottom shear equals 
the component of the gravity foree, so that accelerations from this source 


be di disregarded. This procedure is common in the ‘derivation of the 


ie. Front Crossine Fr FIELD OF Frow W TH V EcTOR DIAGRAM OF 


i hydraulic j jump equation. Thus, one may write the continuity equation an 
q * momentum equation for a unit length of wave front ‘crossing: a flow Ww of 
depth A; and velocity V an angle as follows: 


and 


It is clear that the net pressure force acting to decelerate. the flow cal 


affect. only the momentum of the stream normal to the wave front; and , since 
_ ho foree component exists parallel to the front, the tangential components a 


Viz of the velocity mu must remain unaltered as flow ‘passes under the w wave 


asi _ From Eqs. 1 and 2, the expression for the _—_ component Vari is obtained - 


the wave velocity, since the wave front was assumed In 


ey = 
+ 
— 
. 
NN 
= 
- 
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any wave of a certain height, he — - ha, will a assume in supercritical flow such a 


_ position that the normal component o of v 1 With respect to: the front will equal } Va 
defined by Eq. The wave front will not be stationary otherwise. may 
also be stated that in agreement with the equation there must always be a a 
; stationary position for any wave in supercritical flow, until Vu as defined by 
Eq. 3 exceeds the value of V;. If Vai = Vi, the > wave front assumes s a position 
at a right angle to the flow, and b becomes the familiar | hydraulic | jump. » or 


Va > Vi the jump will start - moving up upstream, detaching itself from the 
souree of the disturbance, which then remains surrounded by subcritical flow. 


Angle —The relation between Vi and Vai may best be given by the 


ratio Vu/V 1 from the e vector diagram as sin = = (in which is 
defined as the wave angle). 


— 


- Substituting for Vai in 1 Eq. 3 the equivalent Visin 6; and solving for 
B, the expr ression— 


sin B; 


 —is ‘obtained, which h holds" for any ratio of For or small wave heights 
with | he = hy, the e expression under the : square root approaches unity and the 
angle tends toward minimum value for any given Froude number 
F, = Vi/v gh. A continuous small disturbance i ina supercritical flow defined 
by F, > 1 will therefore always proceed to an . angular position with respect to 

; the oncoming flow which i is Ss given by 


5) 


The cannot tr travel beyond the lines defined by: this wave angle By 
less the wave height i increases materially. _ Itw will alwa ays assume this positio no 
ultimately af after ad disturbance has been established, since it is the only possible — 
Bey Some additional deductions are possible from the geometry | of the velocity 
vectors which are shown in Fig. 2. The law of sines applied | to triangle ABC 


dv 


sssion for is. obtained: h ah = AY Vi or 


1 No 
‘Sin 
— 
= 
| 
H 
whi 
inte 
= 
— 
— 
‘gives: 
which the subscripts may now be omitted. Rewriting the momentum poi 
| tion | and velocity, a second differential 
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Since V, may be replaced by ‘Vsin in B, Eqs. 6 and 7 may be combined i into 

Vdd _ gdh |. 

cos cos B Vsin B’ 
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Assumption of Constant Specific Head.—Kq. 8 may be integrated to obtain 

he the gradual change of depth \ with gradual angular deflections of the ‘stream if 

we ~ the basic assumption made in . the beginning of this section is next introduced 

he | to relate 8 and V to h—namely, that energy dissipation may be damapeted 

ig ‘such flow in accordance with the Bernoulli theorem. 

= constant; and, thus, v V2 g(H —h). 


VV 


finally into 


vi 


| 


which was was first established by Mr. v > ron Kérmén in 1935-1936. 
integra ation of Eq. 9 gives 
(5) 2 H/3 tan! — _ 6,. 


jon ] in which 4, constitutes the constant of integration defined by the — that 
for = 0 the depth / hi is the initial depth hy 
ne? Eq. 10a may also be me in an alternate form employing the Froude 
BC number to express ——-—~ fi Substitution of this equivalent results in 


Summary.—Before discussing Eqs. 10 and their implications any any further, 
1 iti is well to summarize the accomplishments of the theory developed up to this 


acterized | by the assumption that H remains constant, it has been shown that’ 
a change it in depth Ah due to any disturbance of the stream must in general 7 


| always occur along lines or wave fronts ¢ crossing the flow at a characteristic _ 


angle B, and cannot steady conditions at any other angle. 
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‘This w: wave B the depth change. Ah determine in turn: a change 
in the velocity normal to the wave front. Therefore, | a definite change AO 
int the direction of flow must take place under each wave front. 

As the flow crosses successive wave fronts at arbitrary distances (the only” 
requirement being that be not too closely arranged to keep vertical 
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total: change in and depth between any two points any 

streamline. Since any boundary of arbitrary eurvature represents a stream- 
y 

line, the e change of depth along such : a boundary ¢ can an be computed. | Conversely, 
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7 _ 4, Since a _— lateral boundary contains the o origins of all disturbance — 
dir nes, the characteristics of which are given by Eqs. 1 to 10, the entire ‘surface 
5 configuration of the s supercritical flow is determined by the family of disturbance 
lines emanating from that boundary or any combination of boundaries. The 
tools | by which such contour surfaces may be determined will be developed 


subsequently, ,, and a — of applications are given in Symposium — 


— 


Graphical Aids. —Returning now to Eq. 10, it is clear that a curve for the : a 
- maximum range of 0 for all values 0 of A/H in the supercritical range of | flow. 


will be useful. This range extends from @ = 0° to Omax = 65° 53’, if f O11 is zero 
and if h/H is varied from a value of two thirds for critical flow to zero. — Neither _ 
: extreme is of practical interest. The curve ds plotted i in Fig. 3. 7 Since i in a 
‘specific : case the value of 0; constitutes the starting point from which the. ie 
_ tion angle @ is measured, it is only necessary to compute the initial value of 
h,/H to determine the value of 6;, from the curve. The values of h/H are then 
read from the curve as the angles 6, of a boundary or streamline, are added to 


from Iti is important to note that the inhi may be 


stream or away heme it. In the first case the surface will rise and in the second 
case the surface will be lowered d along the disturbance lines } originating at the 
Both possibilities are indicated i in Fig. bs the arrows pointing to 


The of of Eq. - 1 

‘tion based on the first term of ten series for tan“ only. The 
solution, which neeny becomes incorrect f for large + values of h/H is given 


| algebraically by by 


Since the ratio h/H x may be replaced i in terms of the Froude number F, the 
equation may also be written for small values of h/H | (that i is, for large ‘values 


im the form: 


— It is obvious that Eqs. 11 could also be solved for h/H or or for F in terms of 0 
and 01. The results given under Eq. 11a for small values of h/H could have 7 
been obtained directly | by neglecting h has compared to H in Eq. 9, thus ial 7 


} ing the differential expression to 


OhH 
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“4 application of the equations i in this form i is restricted to determining the e changes | 

“4 taking place along boundaries which are e streamlines, as long as the flow p process 

Bie: ete boundaries i is not subject to « disturbances propagated fi from other 


lines and of the corresponding system wave e fronts. 


Characteristics of Disturbance Lines. —Any curved boundary can be repre- 
: sented as a series of tangents or chords with small but finite e angular changes | 
taking place s successively. ‘Every angular change A@ thus becomes the origin 
of a line of small finite. disturbance or a wave front, which will cause a change © 
- in ‘depth as in indicated by Eq. 9. These wave fronts v will traverse the flow at ta 
typical angle B, which is fixed. by the Froude number F of the flow as given 
_ by Kq. 5 for every section of the field of flow. As long as the Froude n number er 


‘remains constant i in the undisturbed flow, there cannot be | any break or eurva- 
ture i in the line of disturbance and the disturbance itself is constant along its 


“Tine of propagation, 

It has already been mentioned that disturbance lines may indicate positive 7 

or negative disturbances. - Henceforth, positive disturbances or positive wave 

or surge fronts will be defined as those which deflect the flow toward the line 

- of disturbance and cause a rise in the water surface. — 7 A wall curved into the 

flow and displacing fluid would be the source of such positive wave fronts. 

- Negative | disturbances or depression fronts are caused by boundaries curving 

away f from the flow, providing larger et cross sections | of flow and therefore pro- 
ducing a lowering of the surface and a deflection of the flow : away from the — 
wave front. . Iti is clear that fixed boundaries alone can be the sources of dis- ; 

turbance lines, and that a ad disturbance line cannot ; appear or disappear unless 

by: action of a boundary or or of another disturbance line. - Disturbances on once 

ereated m must propagated undiminished from one boundary to the o other 

4 and the effect of the wave front on the flow traversed will be the same as the 

effect of the boundary itself, the same deflection and the same change in surface 

elevation being transmitted. _ This process may now be illustrated schemati- 


7 cally i in Fig. 4 by a a flow between two > parallel | walls with an initial depth / ‘2 


and a velocity Vi, which a points A and B is subjected to a change in direction | 
through a sn a small angle A§—exaggerated i in n the sketch for the sake 0 of clearness. 
7 In agreement. . with the theory, the disturbances to which the flow is 3 exposed 
at A and B are communicated along only the fronts BC and AC without 
effect on the flow in the sector ABC. ‘Along BC and along AC the flow is 


4 deflected through an angle A Aé . The flow flow passing under BC is parallel to the 
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) wall all beyond point B, and i its depth | has decreased anc 

in accordance with the « equations developed; in other words, it was a 
i: the negative | or depression front BC. Point C, Fig. 4, is also the inter- 

section with a positive or surge front, which deflects the flow passing between 
A and C through the same angle Ae. positive front in continuing 

; _ beyond C enters a field of flow already turned through A@, of smaller depth 


and with a higher | value of F_». It will therefore | proceed with h respect t to the 
Bae Geoction, but at a new angle 8 smaller than before. — As a positive wave, 


the lower of A in field back to to thus the ‘original 
value of F, beyond CD. . In turn, the negative wave front BC enters a field 
with Pie as its hydraulic characteristic. - Since the deflection A@ for a a negative car 
front is away from the front, it tends to aline the streamlines beyond CE 
i : parallel to those beyond CD, so that also ) beyond CE the normal value of Fi 
is restored. . Along AE and beyon ond, the ‘normal depth i is raised to a higher 
value, whereas between points E and G it drops back to below normal under 
the ‘eens 4 of wave BCE and its reflection. _ Therefore, it will alternate 
between values higher than h; and lower ‘than hy all along this wall. a At the 


ve t depth 

‘will be raised; at the reflection points of ‘the negative wave emanating 
‘point B, the depth will always be low ered. In analogy to ‘this, along the wall 
‘through points B and D the flow will alternate between zones of lower than | 
normal and higher than normal depth. In zones of normal depth, the 
center of the stream, the flow is always at an angle AO to: the walls. In the 
other zones adjacent to the walls the flow is always parallel to the walls; but 
it is also seen that the flow beyond points | Band A will always remain disturbed 


‘unless further wall-angle changes follow, which may augment the disturbances — 


or may be effective in canceling them. 
| Wave Interference.—Of course, by proper alinement of walls, methods of 


‘Wave interference may be utilized to remove the undesired. disturbances. _ This 
very possibility will be a challenge to the designer and has already led to certain 


tules in the design of various bus structures f for high-velocity mom, as shown by 


a _ The fact that a negative wave may be canceled by a itis wave, and = 
Vice versa, would lead to the design of a bend as illustrated in Fig. 5. , In the 


first case case (Fig. 5(a)) the positive wave produced by a a wall-angle change at 2" - 
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is not immediately matched by a — wave opposite te A, but the break on 
- the other wall is purposely delayed until the front starting at A arrives at B. : 
‘Since the flow beyond AB i is already deflected | through an angle 46, the wall, 
may be turned through | at B without causing any disturbance at B. 
condition may be expressed also by saying that the positive front originating 


at A is canceled at B by a hegative wa ave, since the latter would coincide with 


— The second possibility is shown by Fig. 5(b), which indicates that the same 


oe through an angle A@ may be accomplished by starting a ® negative wave 
a 


first at B and by delaying the break at A until this. negative wave has crossed 


the channel. The possibilities of combining both methods to obtain flow 


turns | with ‘controlled disturbances which will not exceed specified | magnitudes a 
are easily recognized. _ Symposium ps paper No. 2i is ‘concerned n more specifically 


5.—SMALL DEFLECTIONS DESIGNED TO To 


with such problems, and with other possibilities which follow on on the basis ia 


the foregoing principles. It “may also be added a successful analysis 


must always very clearly be predicated 0 on a fair prediction of the value of — 


= 


‘This outline nnspecniottol with th the principles of wave intersection, reflec 
tion, and interference employing an ‘an elementary c case for illustration. More 
+i complicated systems of curved walls may be replaced by a series of short chords . 
~ or tangents, each one of the latter a source of a surge or a depression front. 


Combinations of wave systems are limited only by the mounting difficulties 
of keeping account of the wave characteristics through numerous i preenranent 


structures is provided a clear. bookkeeping and 
system can be established and followed. 
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Successive Waves of Equal Sign.— —Before discussion of ‘such ‘gti a 
4 few furthur properties: of these e wave fr fronts may be detailed by use of Fig. 6.!° 


send out positive fronts only, it is clear that the wave angles 6; with respect 

to the flow between sections must increase more and more in the downstream 

direction. > ‘Ultimately, therefore, these fronts carrying small disturbances only 

- merge into larger ones imposing such height and angle changes that the 
angle 6; can no longer be approximated by Eq. 5 but must be computed from : 

Eq. 4, which shows clearly that the v wave velocity ofa a large v wave is not only 

than g! but t even larger” than g! he ‘Such so. so- “called shock Waves 
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flec- are discussed in detail subsequently. These difficulties are present with 
- : negative or depression fronts. _ With decreasing depth and increasing velocity 
ords § the wave angles Bi become smaller i in the downstream a direction, a1 and angular 
a. ' deflections of ‘the stream are away from the disturbance lines. _ Therefore, 
ities Be neh fronts will generally diverge, and it can easily be concluded that, 
tions within the framework of the basic assumptions made initially, so-called shock 
aulic waves or disturbances with steeper and steeper fronts cannot be built up 
ring | from successive negative disturbances of small magnitude. | ean 


10 “*Gas-Wave Analogies in Open-Channel Flow,’’ by A. T. Ippen, Proceedings, 2d Hydraulics 
: ference, Bulletin No. 27, Univ. of lowa Studies in Eng., lowa City, Iowa, 1942, p. 257, Fig.3. > 
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METHOD OF CHARACTERISTICS _ 
To 0 facilitate the analysis of wave systems | due to continuous disturbances, 


such as those in curved channels or in channel contractions o or expansions, a 7 
. — method has been dodand on . the basis of the preceding theory with 
This the outcome of 


1 "and is | known 


4 this was adopted i in 1935 in the supercritical of water and 
was applied to the problem of flow in the curved sections of open channels 
water flow through channel expansions and other problems ‘related by analogy 
to the high- -velocity fl flow of gases. _ The basic equation for tl for t the g graphical method — ; 
of solving problems of supercritical flow of water is given by Eq. 9. For i 
‘purpose of obtaining the deflections of the streamlines as a function of the 
of wave the ratio “appearing in that equation 


m: 


7 during the 1e analysis of the test data, Independently, Mr. ‘Preiswerk® studied qd 


or with 


Th 


q. 9 9 is thus transposed into the form: a 


Vd 


and 1 as the limiting values. of Only for flow has 


* 14 any | physical since the denominator is zero for v2 V2/(249 g | H) 
= 1/3 which corresponds to critical flow, whereas the numerator obviously 


ean be zero only for zero depth or V2/(2 9) = =H. 


Eq. 14 represents the expression f for an epicycloid between the circles of 


Sa ‘The « curve representing Eq. 14 may ‘no w be plotted between these weal 

noting that dV /do = = © forV = = 3 = 0. 577 and that dV /d0 =0 for V 

corresponding values (h/H) are two thirds and zero. Values 
O= 0° and 6: = 65° 53” corresponding to V = 0.577 and V = 1.00 are given 
in Table 1. For the drawing of the so- called “characteristics diagram” the — 

curve is best transferred to a sheet of celluloid, which i is then cut to serve | yas a 
templet | between the two limiting circular — 7 _ The e diagram may be e started . 


m the space within 
sector of, say, 46° on of the -axis is ‘subdivided into sectors 


or 4° in central angle, and the intervals are marked by radial lines betw een 


the i inner and outer limiting circular ; ares starting \ with 0° on the V.-axis. . From 
each p poin 1t on the inner circle the e} epicycloid may > be drawn by the templet in 
both directions to the outer circle. In this fashion a dense network of inter- 


u “‘Gasdynamik,’’ by A. Busemann, Handbuch der Vol. IV, 1931. 
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-secting epicycloids is obtained. Since the radial between ‘the limit 
circles comprises a. all possible values of V between 0.5 577 and 1.00, a correspond- 
“ing s¢ scale of conversion to h/H may be added as shown i in 1 Fig. 7. The physical 


of the diagram be demon by first | assuming a flow 


js next alined with its V. -axis ‘parallel to Vii in the plan of flow, i in which ne _ 
design of the boundaries is laid out. If one of the boundaries is deflected — 
through : an angle Aé, the streamlines adjacent to ‘the wall w will turn through 
the same angle and a disturbance line will originate at this point in the flow 
plan, beyond w which the flow will be in a new direction and at a new value of 
(h/H)> or Vn To find the latter, one must revert to the characteristics dia- 
gram (Fig. 1. The initial value of V; laid out along the V.-axis will be near 
an ‘intersection. of this axis with the two epicycloids. _ If the plan of flow indi-| 


cates a eeu disturbance, one of the branches leading inward is followed; 
TABLE —VALUES OF PLor OF Epicy cLOID BETWEEN 
I s apius 1/¥3 anp 1. 


CLES OF R OO 


0° To 6° ae. x TO 20° | 21° to 27° 28° To 34° 5° To 40° 41° TO 46° 47° To 65° 53’ 


0.840 | 28 0.886 0.925 | 0.972 
0.848 | 29 | 0.893 0.930 | 4: K 48 | 0.975 
0.855 | 30 | 0.900 0.935 | 4: k 9 | 0.978 
0.861 | 31 | 0.905 0.939 | 96: é 0.980 
0.868 | 32 | 0.910 0.943 
0.874 | 33 | 0.915 D | 0.948 
0.880 | 34 | 0.920 | ..] .... 


in 1 the opposite case one of the branches going outward i is followed from the 


origin until it intersects the radial line . belonging to the angle of turn A@. 
"The radius vector to this point of of intersection represents the new value of V. 

ils: direction is also the direction of the streamlines beyond the disturbance 
E — cdtine i in the flow plan and its magnitude ¢ at once gives the hydraulic conditions 


of depth a and velocity or F,. One may thus conclude that every point in the 


| characteristics diagram or in the velocity plane determines the hydraulic : 
conditions i in a section of the flow plane bounded by walls or disturbance lines. 
Before > proceeding to extend the construction of streamline p patterns in the flow 
must found of constructing the at the 


The of the velocity norms to the wave fronts Va was 


to be given by Vg h; therefore (V,)? = = gH— and 


| 
| In accordance with I 


wr 


rs 
— 

in 
id 
‘Is 
ed 
By 

=== === 

0 | 0.577 | 7 | 0.709 | 14 | 0.782 | 21 

1 10.613 | 8 | 0.720 | 15 | 0.791 | 22 ar ee 
- 2 10.635 | 9 | 0.731 | 16 | 0.799 | 23 oe 
| 0.651 | 10 | 0.742 | 17 | 0.808 | 24 
4 | 0.666 | 11 | 0.753 | 18 | 0.817 | 25 ee 

a. 5 | 0683 | 12 | 0.763 | 19 | 0.825 | 26 ee 
4) 6 | 0.695 | 13 | 0.773 | 20 | 0.833 | 27 Pht 
dil 
1aS 
its 
ren 
| 
hin 

(15a) 
Vn by 


Introducing from Eq. 15a into to Ba. 15b,. 


- Dividing Eq. 16 by 2 g A gives” the dimensionless components V, and V; in 


Eq. 17 17 represents an ellipse with major an and ‘minor axes of 1 and 1/v3 
‘respectively, and any radius vector from the center r of the e ellipse i is equal to 7 
since it i is given by WV (Va)? + (Vi)? yo This fact is utilized as follows in con- 
nection: with the characteristics | diagram: An ellipse is inscribed on a trans- 
— sheet of f plastic to to such a scale that the units are identical in b in both figures. 


Y PLAN OF FLOW 


ace 
L repl 

I 
‘Fa. 7.—CHARACTERISTICS D1aGRAM; SUPERCRITICAL Fiow Wirnovr ENERGY 
If the ellipse is rotated about the center, O, so that finally, the ellipse passes Bo 


through the point Fi, which d defines vi in the velocity plane, a line drawn ‘fror 
——- parallel to the n major axis gives res the direction of Vu, which is identical with the 
direction of the disturbance line or wave front i in the flow plane. ‘Therefore, 


it may be drawn through the point i ” Fis. 7 at which the disturbance i is said ‘aia 


An illustrative example is in Fig. 7 in the manner - just outlined,” 


except that the point chosen for illustration is not the initial point for @=9, B __ 
_ 12“Gas-Wave Analogies in Open-Channel Flow,” by A. T. Ippen, Proceedings, 2d Hydraulics “ York 
“ference, Bulletin No. 27, ‘Univ. | of Iowa Studies i in in Eng,, Towa City, 1942, 142, p. 259, 


— 
cha 
: : 
sigh 
q 
l 


ut one along the wall for 6 = 24 4° with the change indicated to 0 = _ 28° and © 


Db ilo all 

with A marking the Position on the epicycloid corresponding» to it in the 


A detailed example | solved by ( this method for supercritical flow through : a 


channel contraction is given in Symposium p paper No. “Although the 
ultimate application of this method permits the rapid and he almost auto- 
matic solution of fairly complex problems, anyone applying it must familiarize 


‘himself thoroughly with all its aspects. and must understand the e physical - 
_ significance of the individual ‘Steps ai at the beginning. - Almost any numbering 


- system, methodically applied as the analysis pr roceeds, will serve satisfactorily, 


_and for this reason no recommendations are made. a as 


W ave Fronts wit Dissipation or ENERGY 


Attention has already been called to the fact that a number of successive 


“positive disturbance lines of small intensity must eventually merge, as distance | - 


from the origin increases, into a line’ representing a surge front of material | 
| height t. Thee exact equation for the velocity of such a wave of f finite height has — 
been. given as E Eq. 3 which ‘shows that the wave velocity or or celerity is is even 
larg ger than that for a small disturbance traveling at the larger depth. (Con- 
sequently the wave angle is larger too in accordance with ‘Eq. 4. > 
Under the heading, “Method of Characteristics,” the wave angle B was 
_ approximated by the value of sin ‘ 1/F neglecting the wave ‘height. — This" 
- section will deal with the modification of the theory due to finite and consider-_ 
able wave heights, especially with respect to the angle B, at which such a large 
-front will assume a steady or ‘ “standing” ‘position. — Also, the previous assump- 
tion of constant energy has to be. modified, since energy dinipation ia is associated 
with wave fronts of considerable bh height. iE However, for Inany practical cases 
‘this modification is still of minor consequence. — Basic material for this section - 
was developed by Mr. Rouse and M. P. White,* M. ASCE, early in 1937. Mr. 
Preiswerk?® adopted I ‘Mr. Busemann’ S shock-polar diagram for use in the 2 hy a 
draulie : analogy of sup supersonic flow in 1938. 7 As before, the problem i is the corre- 7 
lation of the wave angle 8, as defined by Eq. 4 and of the angular change 0 
accomplished under every standing, wave. Fig. ‘ 2 may again be referred to 
except that in keeping with the purpose of this section the angle change ‘AO is 
replaced | by 4, thus acknowledging that large deflections are - accomplished | by _ 
large ¢ changes i in n depth unc under the wave efront. 


From the geometry. of the vectors the angle 6 may be related to Bi by: 


i in which can be replaced by Vaz = Var 
tan tan — @)’ he 


from the continuity equation. Therefore 


il A 110 e, 


is 

ined,” tan = an B: (1 — h: 1/h2) 

§ = 0, 

Bt ” 

lies Cot =" Fluid Mechanics for Hy draulic > inom,” no Hunter Rouse, McGraw-Hill Book Co., Inc., New 
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In agreement with Eq Eq 4 and 194 the wave ¢ angle B, and the wave height 
fixed for a given F, ‘and a given deflection a angle 6. ‘Eqs. 4 4 


19a can be combined into | one by solving for as follows: 


~ tan B, + tan 6 tan? Bi” 

_Equating Eqs. 20 solving for tan gives a very useful -ful expression with- 
‘out hi/he but the initial Froude number F;: 

t tan np, (v1 + 8 (F,)? sin? By 3) 
- 8 (F,)? sin? 1 


‘number Fy would be design. For this case is to 


Eq. 21 and to solve graphically for the angle since the solution of the 
equation for. in terms of F, and becomes rather involved. ith B, known 
it is an easy matter to determine Aa/ha | from Eq. 20a « or from its graphical 
form. If the latter vahinn are too large for the design i in question, the wall or 
angle must be reduced and the process of is speedily 
repeated w ith graphs s such as Fig. 8. 
_ The limiting values of @ for which the flow passes" into ‘the subcritical st state 
below the wave front are of considerable interest. ‘ For their determination an 
expression would be needed involving the Froude - number F, below the wave” 


= front. _ The latter can then be give en the value of unity for critical flow and the 


corresponding quantities. for the other variables n may be computed. Since a 
s direct relationship be between 6 and F, becomes rai rather involved algebraically, it 
is . preferable to correlate Tia/ha, F,, and F, whereupon, by use of Fig. 8, the 
Ps pertinent values of @ and {; are easily read from the cu curves. 
Making of a geometric condition evident from Fig. 2, 


— 


continuity equation ‘yields Vas * Vary V Eq. 2, on the 


momentum relation, ‘results i sin V Vat = vg 


a simpler expression if the variations of hi/h, 
— | wa 
r 
| 
| 
im 
> 
* 


1040 -VELOCITY FLOW 
= Vi/Vom g and F, = g that, after 


22a assumes the following form: 


Eq. 22b establishes the re relationship between Fi, F2, and ha/ha fee stationary 
wave fronts, its graphical solution having been added in the fourth quadrant i in 


50° 30° «20° «10° 


\\N 


‘2 


Fig. 8, in n which the critical values for F, = 1 are easily located as as the the inter- 
Sections of the line for F, with the lines F, - constant. 
oA second critical condition exists for a wave angle B, of 90°, which reduces 


Bq. 4 to the relation between F, and h2/h; familiar from the right hydraulic 
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4+ V2 Fi -1)... 


Mr. Rouse has presented" a further version of Eqs. 19a, 21, and 22b giving 
the deflection angle @ in te in terms of h2/hy and 
~ Physical Significance.—For the purpose of this discussion a a few points con- 
_ cerning the physical meaning of Eqs. 20 to 23, and of Fig. 8, may be Stbished 
to clarify some of the results of the analysis that cannot easily be established 
mathematically. Subsequently, they will be demonstrated graphically by 
somewhat different analytical attack. 
_ The angle @ i is related to 6; in Eq. 21, » which i is represented i in the he second — 
fe ‘quadrant of Fig. 8, in such a manner that 0 varies from 
= again to ZeTO as Bri increases for any given value of the Froude number Fy 


| 


from its minimum value sinc 11/F; to 90°. Wher = = 90° and simul- 


or jump. The standing w wave, ‘therefore, is | dependent on some downstream 
disturbances, as soon as the flow below the wave front passes into the sub- 
: critical state, which i is true for the right hydraulic jump, formed only under 
certain conditions downstream from the jump. It would seem further that 
flow parallel to the wall at an angle @ for subcritical conditions will only be 
_ accomplished if tl the » downstream disturbance, combined with the wall deflec- 
7 tion, produces a wave height of the correct magnitude, which can be computed 
_ from Eqs. 20 to 23. In other words, the equations as given no longer determine 
the wave angle B; uniquely | for a given wall angle and Froude number F, if the | 


flow is subcritical below the w: wave front with F, < 1, since the wave height is 

subject to to downstream disturbances. 

— The exception to the latter statement is the case in n which the value of F, 

_ approaches a value of unity as the value of 6 increases to +0, so that the 
slightest disturbance would cause a wave front at 90° to the e oncoming flo flow; 
however, this point i is ; purely a philosophical on one. 
a In most practical cases the hydraulic designer | will ll avoid wall angles causing 
the flow to pass through the critical state or even n to approach that state, 
since little dependence can be placed on the theory when the slightest violation 

of the basic Premises of the theory or inaccurate e knowledge « of of F,, for instance, 

“may ¢ cause a hydraulic j jump that travels upstream. 

_ Furthermore, a single wave front is seldom met in practice, and the flow 
pattern will be determined by intersecting waves and reflections of the eee 
from opposite walls. _ These phenomena place severe limitations | on 1 practical 

wal angles, if supercritical flow is to be maintained throughout a structure. 7 

7 Returning to Fig. 8 it is seen that, for any given hy hydraulic ¢ conditions and 
geometry of channel walls, the unknown quantities are quickly ‘obtained. 
— For instance, if F; and @ are known, 8; can be read off immediately as can 
h2/h; and F;. If the wave front seems too large, then for any desirable value jj 
of and the given value of F,, the corresponding values of Bi @ are 
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Magnitude of Energy Dissipation contrast to. small changes in 

7 depth due to gradual lateral deflections of the stream along walls of small 


> curvature, sudden ¢ changes i in . depth, characterized by the appearance of steep 
7 standing wave fronts, are subject to energy losses, which may be computed > 


‘If the wave is reflected, the va sad 0 t be known in order that 


next. The head loss for the flow through a standing wave or jump is easily 
expressed by the difference i in the specific heads: = AH; or he) 


4 = Wa Making use of Eq. 22a and of the momentum and 


‘continuity equations, the velocity-head terms ma may be eliminated and the head 
loss may ultimately be expressed 


= head loss remains surprisingly small ‘even for large values of ha/hn. Ale 


though the head loss is expressed in terms of h; (which, for supercritical flow, 
forms 2 a small part of the specific ¢ head), the loss s remains a small quantity up to 
values of he/hi = = 2 and for this value it is only « one eighth of the initial sth 
The ratio of AH/hi Teaches unity f for values of he/hi = However, 
+s possibilities o of higher values h» 2/hy | presume higher Froude numbers F,, the 
depth h, forms a smaller percentage of the total head H;. Therefore, head 7 
} ae do not increase as > as rapidly for larger values of he/hy as the | the ratios AH/hy 


The important ant fact for practical design is that, in general, head losses up to 


the ratios ho/hy = 3 remain rather small and 1 often may be neglected, since” 


their influence on downstream wave angles re remains within the limits of a accu- 
racy set by other approximations made in the theory. dit seems that in in prac- : 
tical design this limit of = 3 will seldom be exceeded. 


SHock-Wave INTERSECTION AND REFLECTIO! 


miting wall angles, as given in Vig. 8, should never be approached, since 
the flow in a structure will seldom be determined by the first wave front alone. 
Reflections on “opposite | walls and intersections with other wave fronts will 
have an important role in regard to the character of flow downstream from a 
disturbance. Various is possibilities of basic character will therefore merit 
cussion. At ‘the outset it may be stated, however, that the following discussion — 
is limited to the range of wave heights ts mentioned i in the preceding paragraph 
4 being little affected by energy Tosses. Fig: s. 9 and 10 illustrate, in plan, the 


2. Intersection of shock waves: a ae 


a. Of different intensity; 
Of eg equal intensity; 
38. Convergence of two shock fronts; and 
4, Shock front and negative deflection waves. 
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| 4 

. Reflection Shock Wave at Opposite Wall.—The_ first case given by 


iy 9(a) is the easiest of the four. ~The e flow below the first front AB can be 


of this wall me the it downstream of . ee If this angle happens to 

be zero, the > disturbance i is almost wiped out; if the angle is positive, point B 

will be the source of a wave front determined canine from Fig. 8 on the basis of 

1 flow parallel to the wall below point B crossing the flow to point C, where the - 
process is then repeated. In the example i in Fig. 9(a) the opposite wall remains — 

parallel to the original | ‘direction. of flow. Therefore the flow below front AB 

is again deflected through the same angle 6 and the change from F; to F; is 
determined for ‘this angle from Fig. 8. 7 Each reflection brings the flow a 

to a — and ms and eventually the wave angle will be 90° unless new 


= 
A 


—Snock-Wave ANALYSIS; CONVERGING Fic. 10. —Snocx- Wave INTERSECTIONS 


Watts Successtve WaLL DEFLECTIONS 


aa, Intersection of Shock Waves of Different “Intensity. —The second case 


‘illustrated i in Fig. - 9(0) is somewhat more difficult. WwW hen two 0 shock waves 
m eet, each one thereafter will proceed with respect to altered flow ¢ conditions. 


Section AB must be adjusted | from F, to F. and section A'B from F, to Fs. 7 

The intensities of the two waves in the following sections BC and BC’ are not 
_ known and must be determined from the fact that the flow conditions below 
an one are identical. 1. The flow below BC must have the same depth, 
velocity, and direction as the flow below BC’. _ Remembering that for most 


131 
in 
| 
ti 


4 cases the energy dissipation may be e neglected in in the 1e first approximation, the 
new direction of flow in the field F, may be determined simply as the difference 
the angles 6 in fields and F;. In n most cases the w waves BC and BC’ 
determined on the basis of this first assumption will result in values of Fy 
from Fig. 8 which require little adjustment. The approximation | becomes 
better as the two Waves differ less i in intensity and deflection angle, 

ab. Intersection of Waves “of Equal ntensity —In the case of two wave 
the same intensity and deflection angle the solution is obvious. The conditions Z 
are the a as if a wall were placed along the center line, and the solution is — 

| rt . The shock-wave system on either side of the center line is identical : 


with that illustrated i in Fig. 


8. Convergence of Two Shock ‘Fronts.—Fig. 10(a) presents the case of two 
mee shock waves, starting on the same side of the wall at points A Aand © 
&B and meeting in point C. ‘ The two jumps combine into a single jump CD 
Brees “produces a a head loss higher than the sum of the head losses by wave 
fronts AC and BC. If no difference i in head loss existed, the solution would . 
be. simple; the direction of flow would be the same ‘dewntonan from BC as | 
a is downstream from CD, and the same ] Froude number F; and total deflection 
- angles would exist in this field of flow. 4 This ay approximation will always be a 
‘good one. If. more accuracy is is warranted, it must be considered that the head 7 
below w CD must be lower than that below BC and that therefore the inter- 

section point C must b be the origin of a depression wave CD’ which forms the 

boundary between two fields of flow characterized by F; and (F3)’ with (F 3)’ > _ 

_F;. The intensity of the depression wave must be such that by trial and error i 

combined effect of fronts / AC and 1 BC and of the depression wave: CD’ ’ is iden- — 

tical with +h the effect of the combined front CD; that is, to either side of a stream- 7 

- drawn through Cc the Froude number is (F;)’ and the deflection angle is 

(03)’ i instead of 9s with (03)’ > 63. In other words , the effect of the e convergence 
of the j jump is a slight additional deflection ((03)’ — | 9s) of the flow away from 


‘the wall below the intersection of the depression wave CD’ with the wall. 
_ The depression wave could be treated further according to the ‘methods 


‘| previously introduced under the heading, “General Physical | Background,” 
on the basis of zero energy loss. The effect of CD’ cannot be large since, in 
agreement with | the properties of waves -discu ssed ‘previously, 
hegative shock waves are not possible. 
4, Shock Front and Negative Deflection Waves. —This case involves Fig. 10(b) 
i where a positive wall deflection is followed by a negative deflection of finite 


| magnitude. _ The finite negative deflection of the wall is the origin of a i 


of depression v waves BL, BM, BN, BO, etc., of ‘small intensity as shown in 
Fig. 10(b), som some of which will be able to intersect the positive front AC. The 
i faculty of deflecting the flow through a certain small angle A@, which each den 
pression wave is assumed to have, is ‘not impaired by its intersection with a 
s positive front, since no energy gy change is involved. In “most ¢ cases, however, 
= only a few of the negative waves will reach the j jump within a finite distance, a 
fee usually reflections from opposite walls s take place » beforehand. — Thus, a a 


: combination of positive and negative wall deflections will always cause large’ 
‘total penne of the water surface, with the exception of the case in which 
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arrives at the point of origin B of the disturbances. 
concluding the discussion of problems concerning reflec- 
: tions, combinations of steep wave fronts and of small positive or negative diss 
turbances may be mentioned generally. Since small disturbances cod 
be treated without | energy dissipation, their influences may be superposed 
directly on the field of flow § subject to the action of steep wave » fronts. ae 


Although Fig. 8 contains, ,ina convenient form, all all possible values of the 


variables involved in the: treatment. of steep wv wave shock waves, it 


a The analysis of shock waves supersonic gas 
dynamics has been based, - therefore, on the so-called shock-polar diagram as 
developed first by Mr. -Busemann. a _As its name implies, the shock-polar 
diagram a polar possible “the dimensionless 


sg not remain constant through the finite jumps, the ener -polar diagram q 
- cannot be made of such universal character. — _ The basic difference lies in the 


fact that the « dimensionless velocity | = gH will change below a 
jump. of deflection intensity to the value i= 29 Hy, which rhich i is no o longer r 


4 identical with 2g He 2g h Hy since Ay > > Hs. Since curves: may be y be plotted only 
- for ‘Vz (that is, for dimensionless velocities V2 in terms of H - the values of 
Vz cannot be used to find V3 below a , subsequent j jump 2-3. 7 The velocity V2 

- must be adjusted below the jump, before the diagram can be used again, by 


multiplying the value V2 obtained from which i is always larger 


unity. “new initial value = j is found, which may then 


be used to > determine V3 in terms of i. Thus, adjustments “must be made 

continuously in accordance with changing values of H. The second difference 

appears in the fact that the wave celerity for finite jumps must be considered 

on the basis of Eq. 3, ‘modifying the wave angles 6: in conformance with Eq. 4, 
a The construction of the shock- polar curves requires the transformation of of | 

_ the foregoing basic equations by: introducing the z-component and the y com- 
ponent of the dimensionless velocities and V2. Following the geo geometry of 
the vector diagram of Fig. 11, 

5a) 


“the velocity In addition | to n relation | 
z= in Eq. 2 and the continuity equation as given in Eq. 1 are available 


while, as a fifth energy equation is used 

‘initial energy as =h 29° or 4): @, 


te 

— — 

t 
a 
4 

— 

= 
t 
im 


Thus, all terms containing I and het as well as Ver and Vasc can be replaced in in 
terms of Vy , and Ve, resulting ultimately i in an equation for Dye: as follows: “ al 


Py) = ( Var)? 


Veo 


V3 as a minimum 
Epicycloids — 


_ Jump Polars 7 


d 


PLAN OF FLOW 
zy PLANE 


“any i intersection with a a curve beginning at a certain value of V; = Ver will y 


give, immediately, the only 1 value of possible for the assumed | 
_ whereupon V2 will be known since H; is given initially. Remembering also 
thet Va = Vios and t that the direction of these components represents the direc- 

of the wave front, the latter may be transferred to the plan of flow as was” 
done f for the characteristics diagram in the example given. - The same ellipse _ 


be used if a graphical method is desired. 


“*Gas-Wave Analogies in Open-Channel Flow,”’ by A. Proceedings, 2d Hydraulics 
ference, Bulletin No. 27, Univ. of Iowa Studies in Eng., Iowa City, Iowa, 1942, p. 262, Eq. 20. moltenia 
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: Only one wave front may be found at one time. WwW ith every sry value of V2, 7 : 
of course, belongs a new value of specific head, He < H,, which has to wa 
be computed next as does the corresponding depth . he. Tt may de sufficient to 7 sp 
‘remind the reader of Fig. 8 (which relates, in a comprehensive m manner, all 
pertinent variables) to indicate that curves of H2/ Hy and h2/h, could be plotted 
also as polar curves similar. to the Vz-curves in Fig. ‘Since shock fronts are 
: 4 usually not very numerous in a plan of flow, it is felt that acompletely graphical _ “a 
- “solution does not t offer advantages as great as does the method of characteristics, 1 be 
where the solution requires the drawing o of a multitude of disturbance lines. peo 
7 «dt may be noted that the polar curves for a wide range of V-values agree - 
7 quite closely with the « epicycloids of the characteristics diagram as indicated | re 
in Fig. zi. — One outstanding difference is the fact that the polar curves extend | ‘he 
a into the subcritical range and therefore within the circle of ¢ critical velocity 7 i 
- with radius V = 1/V3.. Asi is also evident from. ‘Fig. 8, there i is a maximum of 
7 | angle 6 for every curve | (that i is, for e every initia’ value 7 Va = V)), be 
_ which falls within the subcritical range of flow below the wave front fi is gre 
subject to the restrictions discussed earlier i this treatment. ‘points 
for =0 lying on the axis, within: the range of flow, represent the 
the } V.-values for the right hydraulic j jumps. ‘it 
Iti is 5 desired to obtain the value of V2 in magnitude only, since its direction ins 
must be parallel to tl to the deflected wall. In addition, the location of the shock- wa 
wave front. (below w which all. flow is ‘deflected through the angle 6) is to be one 
determined. this purpose, the | V.-axis of the polar diagram is alined with con 
; the direction of flow r Van in the plan of flow. -— line parallel to the deflected tur 
_ wall is drawn in the p polar diagram from the origin to its intersection with the = 
a a polar curve ‘Starting from the given Vi1 = 0.90. — The length of the line e repre- 
sents V2, which is is 0. 72 = 29 Ay so that Ve is known ‘Through the ends 
of V sil 0.90 and V,, the direction normal to the wave front is found; and the 
normal from. point | O to this direction represents the» ‘font. The | 
a latter may then be transferred t to the plan of flow, s starting from the break on es 
the v wall. | ‘If another deflection i is to ‘be investigated below the first one, iy | 
be found and an adjusted value of 29H2 2 determined. 
The V.-axis is is to be alined again with +. and the former steps are then re- Te- can 
peated. ' The treatment of front intersections and reflections can be lar; 
- easily adapted tc to the sho shock- -polar | method or on the basis of the preceding di discus- | = 


fact that boundary-layer influences and ‘nonuniformities of the velocity 
and pressure distributions are disregarded the theory “pro 
limitations which are discussed in detail in the Symposium papers dealing — 

7 with specific practical applications. In general, it may be said that viscous 
forces do not seriously disturb the basic. systems of disturbance lines and of 
finite wave e fronts. Vertical acc accelerations are usually : also of secondary order 
4 of magnitude in structures to which the elementary theory applies, since 


changes in the flow | patterns discussed are the result of changes wd the lateral 
boundaries only . The extension of the theory to cases 


Es 
| 
edg 
bee ae _ due to changes of specific head must be reserved for future discussion. 7 is 
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was ; made for the convenience of analyz zing wave ‘systems ap tae not corre- 


spond to physical reality. . Shock-wave fronts, especially, represent a a finite 
change i in velocity and depth and therefore extend in nature over a consider- - 
able distance in terms of depth. The hydraulic j jump may be cited to illus- 1s- 
trate this point. Nevertheless, ‘the ultimate | change accomplished by these — 
standing waves is still as computed by the basic theory. The local phenomena 
become important only where the dimensions of the hydraulic structure -_ 
‘concerned are small compared to the length of the transition zone. As a 
“practical example a bridge pier may be cited, which causes standing — 


in height and of transition to its own dimensions. Informa- 


of. vertical accelerations. ‘Another more serious effect of viscous forces m may - 
= mentioned: AS changes i in = and depth occur, the balance between 
"changes in specific head will veoalt, are not in the elementary 
— theory. 7 The effect of s such changes i is s negligible only for local ul phenomena, but 
it is cumulative over a long distance. A small change in wave angle, for 


- instance, will cause only a slight shift of the point of of the first reflection of a 


_ Wave, but the nth reflection point is displaced n times more than the theoretical _ 
_ Thus, longitudinally extended systems of waves may become subject to _ 
considerable differences by interference downstream from the original dis- 
"turbance, 
_ Except for these secondary physical phenomena which the basic analysis" 


‘The primary features of supercritical flow have been ra rationalized 
the basis of principles of mechanics. 


ied qualitatively for the different types, and ‘the effects of various designs: 
can be visualized. In general, the aim of design will be toward elimination o ad 


= Surface disturbances can can be e subjected toa a . detailed quantitative a 


‘for ¢ given . designs s with respect to local phenomena, and basic formulas have 
5. The findings of the theory have been used to develop systematic graphical 


procedures for the solution of complex a” 
_ 
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HIGH-VELOCITY ‘FLOW 
DESIGN OF CHANNEL CURVES FOR 


SUPERCRITICAL 1 FLOW 


_ Characteristics of flows s around curved sections o! of open channels at t velocities 
#8 greater er than the wave velocity ‘(that i is, F > 1) are discussed in this } paper. In 
simple curves such flows produce cross-wave disturbance patterns which also 
ec distances in the d downstream tangent. 7 _ These disturbance i 


patterns indicate nonequilibrium | conditions whose basic cause (when F> 1) 
is that disturbances cannot be propagated upstream or | even directly across the | 
channel. ‘Thus, the turning effect of the curved walls does not act equally on 
all filaments in a given cross section and equilibrium i is destro}j yed. ~The paper 
outlines two basic methods of eliminating these disturbance patterns. 
lytical design. -eriteria are developed, and experimental verifications of the 
analyses are presented. The first, method ¢ consists of applying a lateral force 


in 1 such a way that it acts simultaneously on on all filaments, causing ng the flow to. 
= without lege Bottom. banking» supplies ‘such 


introduced deliberately at the beginning and at the end of the curve. Com- 

pound curves, spiral transitions, and sills all operate on this principle. © , “a 
rcilie channels are uniquely suited to the interference method of treatment, : 
since for a given channel | the wave patterns : are substantially independent of 


same e effect. ‘second ‘interference | patterns 


» flow. Trapezoidal and other ‘nonrectangular channels should be avoided 
_ if possible, unless the flow is invariant. - The fields of application of the different | 
treatments are discussed briefly. 


DESCRIPTION OF Fuow Anounp SIMPLE 


One of the common types of curves in normal use for subcritical and super- 
er itical velocities i is the simple. curve of constant radius i in a channel of Tectan-— 
gular cross section. For all subcritical velocities this design is quite satis 
factory. For supercritical flows, it is not satisfactory. ‘Fig. sho shows the 
appearance of such a Very strong cross waves occur within 
the curve and persist for a considerable distance downstream. This type : 
behavior could have been predicted from the principles presented in the first 
Symposium paper. _ ‘Thus, , an examination of the mechanics of the flow shows 
that ¢ the only forces acting on the fluid to cause it to change its direction orig _ 
“nate, and are applied, at the walls. At the beginning o of the curve the elements. 
next to the outer | wall are forced to turn because the wall curves toward them. ‘ 


Director, Hydrody namics Laboratory, California Inst. of Technology, Calif. 
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‘The elements n next to the inner wall are induced to turn since this wall curves 
away from them and leaves them without support. > However, the elements 
in the interior of the flow are unaffected at in. They: continue to move in 
7 the: original direction until the wall forces have had time to propagate across ;. 
o the channel | far enough toa act upon them. _ These w all forces appear as pressure re 
differences and as such are ‘propagated at the v velocity ofa surface wave i in the 
channel. ‘Fig. 13 is a diagram o of such a curve ve having a mean tadius, The 
point A i is the beginning of curva- 
ies ture of the outer wall. 7 The first 
In small disturbance caused by this 
curvature will be propagated along 


1ce the line AB. . Similarly, t the 


1) disturbance produced by the inner 
the wall is propagated along the line 
on § Ai B. All the flow upstream fr from 
per boundary ABA, is unaffected. 
a S by the curve and thus continues to 
the move in a direction | parallel to the 
ree | tangent. Beyond point 
to the > disturbance originating a at 
1a on the outer wall is no longer prop- 
-agated in a straight line since the 
rms | Beek in this region is moving in a 
m- | curved path under the influence of 
ec- the inner wall. The dotted line, 
nt, | BM, indicates the path of | 4 
of Similarly, the 
led originating at Avi is propagated on 12. Wave Disrursance Patrern BeLow 
ent the path. BM. Thus, four regions 
of flow can be delineated as follows: 
1. The region unaffected by either wall, lying upstream from ABA; — 
J 2. The region a affected by the outer wall only, within ABM 7 - 
3. Ther region affected by the inner wall only, within A iBM;; “" 
ail 4. The region affected by both walls, downstream from MBM, 
in- |{ Along the outer wall the fluid surface rises continuously from A to M since an _ 
ise Increasing force from the wall has been required to turn the increasing amount 
he of flow acted upon by tl this wall. At point M, however, the force fro from the | 
ais inner wall begins to act. . ‘The co combined force from the two walls i is more than 7 
a that required to keep the. flow turning with the same curvature as that of the 
an - channel. - Hence, the > pressure, and consequently the liquid surface ¢ along the 


outer wall, begin to drop. reverse condition holds on the inner wall. The 
: liquid s surface d drops continuously from A, to Mi. . At the latter point the effect 


tw 7 “*Curvilinear Flow of Liquids with Free Surfaces at Velocities Above That of Wave Propagation,” 
4 R. T. Knapp and A. T. Ippen, Proceedings, 5th International Cong. for Applied Mechanics, Cambridge, 


a 
— 
7 
a 
ESS 
\ 3 
ots 
m. 
| 
inn 


FLOW 


is from Fig. 12 1 that conditions do not become stabi lized oben the 
1 difference in elevation between the outer and i inner - walls i is again just sufficient 
to cause the flow to turn with the channel ‘curvature. — This « equilibrium also | 
is passed. through rapidly. ~The surface 

ioe continues to drop along the outer wall and a 
_ to rise along the inner wall to new maxima 
and minima located : at each reflection 

point of the continuing disturbance paths : 
ABM,— and A,BM (Fig. 13). These re- 
flections will conform to the normal mend 


‘CALCULATION OF Liquip SURFACE Pro- 

FILES ALONG ‘THE WALLS 
= 

order to calculate the liquid 
: it is necessary to define the assumptions to 
: be used. In the general case, _ these in- 


clude: (a) ‘Two-dimensional flow, con- 
stant velocity across the cross section, 
horizontal channel, and (d) frictionless 
Fie. 13. 13.—Dracra OF Flow ENTER ‘TERING A 


a 
flow. Assumptions (c) and (d) do not 
clude the of the 1 results to in- 


be calculated. is the : angle of turn of the channel wall. Positive 
values of @ signify a turn toward the channel axis. Eq. 28 is not very con- 
"venient to use analytically, although this difficulty may be overcome by using 
it ina graphical form. A study ¢ of the experimental data for a series of flows 
of this type suggests ; a simplifying assumption. On the basis of the dual condi- 
tions, just specified, of frictionless flow and conservation of energy, the velocity 
4 in any filament must change as the depth changes, since the sum of the depth 
_ and the square of the velocity must remain constant. __The flow around 1 the 
outer wall, being the deepest, should be the slowest. fi. Measurements indicate, 


“however, that the velocity around the outer wall Temains constant, or even in- 


on is‘ Curvilinear Flow of Liquids with Free Suances at Velocities Above That of Wave Propagation,” 
: by R. T. Knapp and A. T. Ippen, Proceedings, 5th International Cong. for Applied Mechanics, Cambridge. 
_Mass., 1938, P. 532, Eq. 3 
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creases slightly, w yhereas along the inner wall it , decreases. _ The deviations are. 
| ; caused by the varying effects of friction on the different elements of the channel. 7 
These measurements justify the replacement | of the condition of conservation — 
7 of energy with the approximation that the magnitude of the velocity remains 7 
constant. For high-velocity flow the depth represents a comparatively small ; 
: fraction of the: specific head; therefore any possible change in depth can pro- 
duce only a relatively small change i in velocity. On the basis of this 
the expression for the depth, h, can be derived in the following manner: Con-— 
sider an open channel with liquid flowing i in it ata velocity, V, and a depth, h. 
If the velocity, V, is supercritical— that is, if V is greater than V9 h—a wane 


disturbance can only at an angle = to the. direction 
of Ve If such a pressure wave is propagated across ‘the channel (say, as the 
result of the liquid encountering a slight bend in the channel), the “pressure 
will act to the wave > front—that is, normal t to the B. 
V, will 
equal to the change in momentum of the to the wave 
‘Thus, if the angle of turn is d0, the change i in in depth produced | by t this is change in 
can be expressed as 


3V,=V Vv sin B; and, assuming constant, 


and the expression ‘that follows directly from it, that tan p= 
Eq. 31 may be e transformed tO 


‘Tf Eq. 32a i is integrated from 0 to 6, 


in which B; is the original ws wave angle e corresponding to the « depth, hy 
326 is much simpler than | Eq. 28 and gives results agreeing 


vell with experimental measurements for high velocities. - It must be re- 
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membered that Kq. 31 is an approximation. However, Eq. (28 an 

_ approximation, n, because, among other things, it assumes a constant velocity | 
across the | Cross section at the entrance to the curve. In the actual case this 
velocity is is not constant. it should be possible to calculate the 
profile on the basis of actual. velocity distribution instead of utilizing this as- 


_ sumption of constant velocity. 7 However, in most cases the requirements a 


‘not rigorous | enough to demand this refinement. 
‘There is a close ‘relationship | between the wave angle, 6, and the Froude 
number, F; and ‘sin @ is simply the he reciprocal o of F. Thus either « can be used to 
characterize the state of the flow if the velocity is ; greater than the critical 
velocity. The - Froude is more. generally used because it retains its 
= significance for subcritical velocities as well as” for supercritical ones 3 since 

7 physically it is ‘simply the ratio of the flow v velocity to the velocity of propaga- 
tion of a wave with respect to ) the fluid . On the other hand, the wave angle, 


B, has n no significance for subcritical flow since under these conditions it does 
Neither Eq. 28 nor nor Eq. 32b § gives the | law | locating the maxima and minima — 
along the y walls, because they do no not contain the factors that determine these 
locations. 3 ‘Fig. 13 furnishes a basis for estimating their location. As pre- 
viously stated, the first maximum on the outer wall occurs at point M, which i is 
the reflection point of the. disturbance which originates at Aj. x The path is 
2 aprehonss from point Ay to point B since the water depth, and hence the wave 
velocity, is constant. ts From point B to point M the path is curved, because — 
- water depth (and therefore the wave velocity) is increasing, and also 
because the direction of f of, flow has been changed by the effect of the outer w all. 
The path BMn may ‘be com computed by the methods outlined in the first Symposium 


paper. _ Usually it is sufficient to estimate the location of maximum 


— 


with the outer inner walls. Fig. 13 shows that 0, a half we ve. 
length of of the disturbance pattern. Its value is given by the expression: _ 


Therefore, subsequent maa maxima should oceur at 3 5 5 Oo, etc., along the outer 
1 wall. if by si some method the wave e pattern could be Gininated and the flow” 
“brought to equilibrium within the curve so that the difference in depth between 
the inner and outer walls would Just produce ' the ‘Pressure , required to balance 


the centrifugal force, the difference in depth across the channel would be 


‘The depth along the outer wall be ho 


on the outer wall) Eq. 320 gives nearly twi ice this 
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oscillates about the equilibrium depth, therefore, has | a 
— of 2 0, and an amplitude of - 
DisrurBANcE” IN DownsTREAM TANGENT 
‘The: disturbance pattern (that i is, the pattern of cross waves: superimposed 
on the ‘equilibrium superelevation) continues into the downstream ‘tangent. 
The wave length now becomes —— Furthermore, because of the su 


tan tan Bo” 


change of a new of amplitude 

of the ones This new cross-wave pattern has a maximum on the outer wall 
(at the point of tangency). _ The wave length i is tl the same as that of the original 
disturbance, since it is determined by the same factors. ~The) resulting dis- 
turbance pattern in th the downstream tangent is the sum of these two patterns. 


Iny general, , they are out of phase and the resultant pattern is. is dependent on the 
phase angle. a simple curve at into the down- 


‘similar curve having a a disturbance pattern o of superimposed upon equilib- yO 


rium ¢ conditions will produce no disturbance pattern i in the downstream channel 
if the disturbance within. the curve has a minimum on the outer wall at the 


the outer wall at the ‘end of curvature and’ Ww will produce a . disturbance pattern i in 


the downstream channel having maxima of - which is double that of the 
pattern below ‘It will be noted that the 
disturbance in the downstream tangent may have a greater amplitude than — 
the corresponding one within the curve but that the actual depth « of of flow along 
the wall is never greater than it is on the outer wall within the ¢ curve, nor less 
than it is along the inner wall. ~The explanation of this anomalous result is 
that in the tangent the equilibrium condition about / which the disturbance 
oscillates is the constant-depth flow, whereas in the curve the corresponding 
equilibrium condition variable flow depth it in the cross super- 


elevation on the outer wall, and depression ¢ on the inner wall. 


In the field most channels are made up of a series of curves separated by 
tangents of varying lengths. | The disturbance pattern in the lower curves 
and tangents can become very very | ‘complicated : since each curve affects the dis- 
turbance in its downstream tangent and the disturbance in each tangent 
affects: the > performance of the following curve. It was just. shown that the 


at the end of ‘the outer wall of the preceding ¢ curve. ‘The s same reasoning ‘will 
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= exists on edie outer wall at the e beginning ¢ of curvature. Thus is it is possible 
by” a particularly unfortunate combination of length of curve and of of inter- 
mediate | tangent, to build up an extremely ce pattern. 


general it is: sufficient for design to the water-surface 


wave e s If the vertical accelerations are high 
some disagreement may be tee ‘but in general this w ill be confined toa — 
—: zone and thus will not affect the validity of the calculations as as a a whole. | 

_ There are two sources for additional | energy losses i in curves over those 3 
existing in straight channels, Even i if f equilibrium conditions are € established 
_ by proper r methods of treatment, , the cross section of the flow is distorted by oe 
-superelevation in such a way as to decrease the effective hydraulic radius and 

4 thus. increase the frictional losses. s. Losses are most apparent in the zone of 7 


_The second major source of loss occurs ¢ only if the distur- 


to shock waves in supersonic flow of gases. Of breaks, an 
— amount of energy is lost. © _ However, if the surface wave | does not break, it 
-Tepresents very small amount of energy qualitative proof of this 


stream channel of a disturbance pattern in a curve. Field condi- 

tions usually permit the use of radii large enough to avoid breaking waves, — 

a: Thus, in general, it can be stated that, for supercritical flow, the additional — 
“energy losses i in curves are of little > significance either i in the hegre of the 7 


wer 


channel as a whole. 


Summary of Flow Characteristics Which Affect Method of Treatment—Before 


_ discussing the possible ways of reducing the superelevation in curved channels, 


it will be well to review ew briefly the salient ‘Physical ee 
velocity flow around curves, _as follows: 


oo 1. The flow velocity is greater than the 1 viet of the surface wa wave (that 
> 1). Therefore, disturbances cannot travel | directly across the channel, 


— but only at the oblique angle determined by the ratio of the wave velocity to 7 


2. In channels, » as normally | designed, the side walls a are expected to do the 
turning. — This is basically a nonequilibrium process ; because the effect of a 
Change in wall alinement is not propagated | directly acre across th the channel, and 


therefore cannot immediately affect the entire flow. a 
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3. The: form of the a produced when water ter flows from a straight — 7 
— a curved channel or vice versa is oscillating and has the properties of a 


ing.—The most logical ‘method of the > pattern 
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‘is to > remove its cause. " Sines it is impossible to act on all the elements of flow 
at once by a , change in direction of the side walls, | it would be desirable to 
“employ some better method of applying the lateral foree to change the flow 
~ direction. The obvious w way of. applying a a lateral force simultaneously to all 
* fluid elements i is by tl the use of a bottom cross 3 slope— -that is, by banking. 
This er cross ; slope, Se ¢ can easily be calculated by equating the gravity component 
along the cross slope to the centrifugal force determined by the a and 


"1 ‘It should be emphasized ‘that, 5 with the p Proper r use use of banking, all the force > 


‘The walls do nothing except conform to th this a of direction. — In banking 


‘it is not feasible to change the cross ‘slope | of the channel instantaneously | from 
a level bottom to the value indicated by Eq. 35. The banking requires an 7 


"appreciable change i in elevation, on, which can be obtained either by raising the 


combination of ‘the: two. 7 ‘To avoid shock, the ‘banking must, be introduced 7 


“gradually a and, , to follow the path. of thes stream, the walls must have a , decreasing 
radius of curvature that just matches the increase of cross slope. The n most 

7 elegant design of a banked bottom would be one in which the center of gravity 

of the flow followed the mean slope of the channel. 


-~ One characteristic of a banked curve is that equilibrium conditions are” 

tained for only one velocity of flow, and hence for only one depth and one 
ate of flow. All other flows will how disturbance patterns similar to those in 
untreated curves. The magnitude of the disturbances" will be determined by 
the degree of departure from equilibrium velocity. 
J Multiple Curved Vanes |. —Eqs. 326 and 34 show that for a given depth, | 
velocity, and radius ¢ of curvature, the maximum superelevation v varies directly 
Ww ith the width of the channel. Therefore, if a given curve is divided into a 
"series of 1 narrower curves by concentric vertical vanes, the superelevation in 


the subchannels Ww ill be correspondingly reduced. urthermore, the disturb 


of the v vanes s that the differences i in 
Interference Treatments. —The fact that the disturbances ‘produced | at the 

_ beginning and at the end of. a simple curve are wave trains suggests that they 
~ might be eliminated by p! proper er interference ps patterns—that i is, by the deliberate 
introduction of similar disturbances of equal magnitude but of opposite phase. 


In the flow around a curve of constant radius, the equilibrium condition requires 7 


8 superelevation of re on the outside wall and a a corresponding drop alo along the 
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inner wall. _The d disturbance wave pattern ¢ oscillates about this equilibri 
condition with a w a wave height. practically equal to the equilibrium change in 
elevation. For complete ‘ ‘interference’ the counterdisturbance should have 
this same wave height. ‘The original disturbance has a minimum 1m point on 
the outer \ wall and a maximum point on the inner wall at the beginning of curva- 
ture. Therefore, the counterdisturbance sl should bei introduced with a) maximum 
= the outer wall and a minimum on the inner wall at the same point. - ~The 
. fa conditions exist at the end of curvature. There are several ways re 
the counterdisturbances, three of w which will 


possible to combine | methods, but. combinations will not be in 
this paper. It may have been noted that in this discussion of interference 
treatments, ‘i aiaadion: has been paid to the production of a ¢ disturbance 
pattern having the correct wave length. The reason is that the wave length — 
is a function of the velocity and the channel width; hence, | the counterdisturb- 
ance will autom atically have 1 the | correct: “wave length to match the original | 
disturbance. Ther care must taken to a of 


are complete in themselves and do not ‘require auxiliary 


an amplitude and a wave length that can be determined quite ———# 
_ Therefore, it is logical to o employ a a section of a ‘simple curve to produce ' the 
counterdisturbance pattern required | to interfere with the | one formed by the 


al half wa wave length s since this produces 
- given radius of curvature. — Tt: is also the minimum length in which the dis- 7 
turbance from both inner and outer walls has had time to affect the entire re flow. — 
maximum is on outer w all, 4 is where i it be to 


In Eq. 36, rs is the radius of the > counterdisturbance section, not that of the — 
main curve. _ The required radius for this section is just twice that. of the 
main curve as it is desired to produce a disturbance of one | half that caused by , 


the main curve. Thus, the interference pattern must have a wave height equal 

to 
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From Eq. 37a it follows directly that 


is tan B, is 2 r, nthe flow will ise to the 


value and remain in . this condition throughout the entire length of the n main pe 
a _ However, if the main curve terminates abruptly in a downstream tan- : 
gent, a disturbance will be therein a wave height: of 
imilar reasoning to that used i in 2 developing | the , design for the upstream am 


_ counterdisturbance section will show that an identical section applied at the 
downstream end of the curve will produce the interference pattern required 


to eliminate the disturbance in the downstream tangent. . Fig. 1 14 shows the © 


Fig. 14. —Desien CRITERIA FOR 15. —PLAN | oF INSTALLATION 


in the « = itself or in the downstream channel 
Spiral Transitions —Spiral transition curves have been suggested to replace 
-constant-radius transitions. The suggestion is probably traceable to the he use 
of ‘spiral transitions in railroad and highway construction. The : spiral « can be 

made to produce satisfactory conditions at the beginning and at the end of the 

main curve. For that matter, many other “designs of transition curves can 
be found which will be equally satisfactory, provided that the transition | a 
‘whatever its design, must produce a simple disturbance pattern which hasa _ 
- maximum on the outer wall at the beginning o of curvature of the main curve. 

D and @ wave height as as given in Eq. 34. 2 _ One fundamental fact must always be 

= in mind: As previously shown, 1 no configuration of curved walls used with 
a flat bottom channel can produce a , change in direction of a high-velocity flow : 
under conditions that maintain in equilibrium i in all points of the flow. Thus, 
the primary purpose of the transition curve, 1 whatever its shape, is s only the 
_ production of the interference wave pattern necessary to cancel out the one 


produced by the main curve. The fact that the external appearance of the 


= 
; in which Aj; is the height of the interference pattern. Therefore, if a simple a Ke 
| 
= 
— 
a 
| — 
| 
1 
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e pattern is ‘no bills of the absence 


of ‘Diagonal & Sills.—Diagonal sills on n the channel bottom can be ased to produce | 
“the necessary interference pattern. The effect of a a diagonal : sill is to produce 
a change in direction in the lower layer of the flow, which is quite rapidly 
averaged throughout the entire cross section by the mechanism of momentum 
exchange. The over-all result can be approximated by calculating the lateral 
force exerted 1 on the sill | by the 1 flow. This force must produce. a corresponding 
4 lateral change in momentum in the flow. — if the force is equated to the product 
of the mass rate of flow and the change in lateral velocity, the latter can be 
oa calculated 1 readily. _ The vector sum of the lateral and longitudinal velocities 
_ | gives the resulting | direction of the flow below the sill. _ Since the mass rate of 
_ the total flow is used, the direction will b be the average for the entire flow. | 


skin friction is neglected, | the only force that the fluid can exert ona 4 


2 will be normal to the face. . This force is equal and opposite to the es 


the rate of change . of momentum ¢ a the water that hits the sill. _ This layer « of | 
water has the width of the channel and the height of the sill. It can be assumed q 
to travel with the average flow velocity and to turn through the angle that the . 
7 sill makes with the channel axis. _ This layer of water will mix rapidly with the _ 
- remainder of the flow above it. TI herefore, the average angle through which the : 
entire flow is turned can be computed by. applying the principle of conservation "| 
of momentum to obtain the resulting lateral component of velocity. Thus, if J] 
the sill height is d, the angle of sill inclined to the channel is a, and the a i 


of curve of the entire flow is 6’ 8 7 


is. tests. Experiments however, that a 
smoother disturbance is obtained with a sill angle of 30° with very little loss in 
effectiveness. — The required magnitude « of the counterdistur bance produced by 
the sill i is governed by the same consideration as that which governs the  magai= 


tude of the counterdisturbance ‘produced by the upstream and downstream 
sections of the compound curve. The same reasoning, therefore, indicates that 7 
6’, should be U o/2 i in which @, is the centra: angle of the half 1 wave length in the 


main curve, given . by Eq. 33. i is not practical to attempt installations for 

values of 6’, greater than 10°, as too great a sill height would be | required. 

as On first consideration, the desirable location for the diagonal sills would — 
a appear to be with their downstream end at the beginning of curvature on the 


outer wall. The corresponding position at the end of the curve \ would be to 


have the downstream end of the sill at the end of curvature on the inner wall. 


However, the disturbance agg by a diagonal sill is not as_ smooth | as that 


resulting from a simple curve. | This is particularly true of the first maximum 
produced. Subsequent maxima become smoother and more similar to those 


_ caused by a simple curve. _ Experiments have shown that the best location for 
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a a , flow shows no evidence of a distu the 
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al The first term in 1 n the bi brackets i is & correction f for "the i increase in v velocity of the _ 

ng finite disturbance “over ‘that of an infinitesimal w ave; the second term is an 

ct _ addition for the Sietanee dow mstream from the toe of the sill at which the a 

be m disturbance occurs. T 7 

be 7 maximum isturbance occurs. The symbol hy denotes the depth of the dis- 

turbance produced by the sills and Ah; is hj — ho. For normal cases the value 

of of the bracket term will lie betw een 0.9 and ‘L. 15 » Eq. 39 should be used with 7 

a caution if the correction factor falls outside this 1 range ‘since the experimental 

verification of the empirical coefficients is rather meager. 
of Another laboratory finding is also incorporated in Fig. 15. _ Two sills a are 

ng shown instead of one at each location. Also the sills end a short distance from 7 
of ] the walls. Both modifications are - for the purpose of eliminating undesirable 
d local disturbances and of broadening the main disturbance to make it approach on 


he . | the: wave form produced by the curved transition section that the sills are re-- 
he : placing. ‘The group of three sills at the end of the curve replace the down- 
stream transition section of the compound curve method of treatment and per- 
on] form the same ‘hecessary function—that i is, , the elimination of the disturbance 
if 7 in the downstream tangent. All the sills shown in Fig. 15 should have heights 


an one half of that indicated by Eq. 38 since they act in pairs. 


FIELDs oF OF APPLICATION OF DIFFERENT TREATMENTS 
a - The treatments. described have different fields of u use. Banking i is most 
his adaptable to major channels that ordinarily operate at or near the design flow. 7 
Pus It offers: the only method fe for preventing, completely, the rise in elevation of the 
water” ‘surface in the curve. ‘This requires that the banking be obtained 
by entirely by depressing th the i inner wall, which usually involves costly excavation. 
- | § The effect of banking « can be decreased or completely y nullified by improper wall | 
on | design. % Banking does not pro oduce equilibrium conditions for flows above or 
below the design capacity. How vever, for the disturbances 


stay below the design flow line. 
The use of multiple curved vanes is rather They are not de 
sirable for channels carrying debris unless the vane spacing can be made 


| _ considerably larger than the maximum size of debris to be expected. - In case 
iti is necessary to bridge | such a channel | at ee ey a an 1 economical design 


may be made by using the vanesas bridge piers. | 


om. Compound curves offer the most desirable solution for most high-velocity 


- channels. 7 iff properly designed, they appear to offer a completely satisfactory 
2) - solution, ‘not only for the design discharge, but also for all lower discharges. 

— Spiral: or other complicated transition curves are not recommended for any 
- normal application. - They simply add to the cost of both the design and the 
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: eae with no commensurate improvement in the flow characteristics 


over that secured by the use of compound curves. 


7 Diagonal sills should be used primarily as a remedial measure in existing 
channels which have been designed with 7 circular. curves or other un- 


one is at least acceptable. However, diagonal operate best at the 

4 design rate of flow. _ For lower flows, the disturbance produced - is too large 
and thus there is some residual pattern both in the curve and in the down- - 
stream channel. This 3 is usually not serious for, as i in the case of the banked 

bottom, : the ‘superelevations p produced by the disturbance ps pattern fall below. 
_ the flow line for the design discharge. — ‘This disturbance pattern at low flows 
_ may have one somewhat intangible by- product. — If the channel in question | 
ae to be us 


used for flood-control purposes or for similar uses in which 

maximum flows are rather unusual, the sight of the disturbance pattern at 

ow flows. may “cause ‘uneasiness and distrust “among the a adjacent residents. 
is particularly true if overtopping of the channel would be serious. 

__ inexperienced observer is likely to reason that, if a low flow shows such a pro- 
‘disturbance pattern, higher rates are certain to. cause increasing 
superelevations and major flows are sure to cause failure. The e engineer may 
encounter considerable difficulty i in 1 explaining that the re reverse i is true—that the 

channel performance improves as the flow rate increases. 
_ It must be expected that the maintenance costs for curves” with diagonal 
Bos s will be higher than those for either banked or compound c¢ curves, , especially 

if the flow is debris laden. — _ However » experience | has shown that wood timbers 
bolted to the bottom of concrete channels form quite , satisfactory sills even for 
a ) relatively large channels carrying heavy debris | loads. If sills are used with 
extremely high-velocity flows, cavitation will occur (see subsequently in Fig. 


— 31) . Cavitation itself will tend to increase rather than decrease the effective- 


ness of the sills but the resulting damage may destroy — 
_NoNRECTANGULAR CHANNELS 


A good indication of the problems involved i in ‘high- -velocity flow in non- 


rectangular curved channels is obtained by exan examining two unique advantages" 
: of the rectangular cross section which hold for all interference type curve 


 * Fora given channel with a given slope, the e wave nate remains neat rly 


ae constant over a wide > range of f flows; and 7 
2. The channel width i is constant. 


From these two characteristics it follows that the disturbance pattern in 
: Bey below a given curve is constant in configuration and location irrespective’ 

of the rate of | flow. . The significance of this statement has already been 
act —that is, designs using interference pattern methods of treatment are 


‘satisfactory for all flows within the design maximum. ea 
a In a nonrectangular channel the wave angle changes with depth s since the 
_ wave and flow velocities no velocities no longer » vary at the same rate. The surface width 


— 
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ting FO Therefore it must be concluded that curve treatments u using the interference 
un- | method will be much less satisfactory for nonrectangular cross sections than for 
ring "rectangular Toss § sections. For example, in nonrectangular channels 
into ‘compound curves and sills 7 produce interference patterns of the right | phase for 
the J only one rate of flow. If the channel width varies rapidly with the discharge, © 

ar ge this phase shift may even change the interference into a reinforcement and 
wn- § thus increase materially the superelevation in and below the curves. . Fig. ved 
iked subsequently, shows § such a shift produced by a change in the discharge in ina 
low | trapezoidal channel. —Itis s suggested, therefore, that the use of nonrectangular 
lows cross sections for high-velocity curved channels be avoided wherever 


especially for applications involving wide Tanges: of discharge. 


_ EXPERIMENTAL CoNFIRMATION 


7 _ ‘The experimental confirmation of these methods of controlling high-velocity 
flows in and below curves was obtained 1 during a study conducted in the 
- Hydraulic Structures Section of the Hydrodynamic Laboratories of the Cali- 
fornia Institute of Technology under the direction of the writer. Much of 
the | experimental work and analysis was done by the author of the first Sym- 
-posium paper. | The study was sponsored by the Los Angeles County Flood 
Control District, which needed design information for its network of flood- 
control channels, many of which had steep gradients and high velocities. The 
first objective was the determination of the physical phenomena involved, and 
_ the second objective, the development of methods of treatment for the curved 
sections of high-velocity channels. Although the Los Angeles County Flood 
Control District was deeply concerned with the design of a ‘specific group of 
channels, it was felt that it would be more . profitable to conduct the study 
from this fundamental basis with a view to . developing analytical methods of 
design, rather than to adopt a model study technique and be — with 
specific solutions for. only ‘this particular gr group of channels. 
__The equipment consisted primarily of two brass channels, one ieee: a 
“rectangular cross section and one a trapezoidal cross “section. — They were 
designed so that under normal flow conditions the sectional areas would be 


the same. They were both provided w with abnormally high walls to pernfit the 


surve 


| “investigation of high -superelevations. The rectangular channel was 18 in. 
early _ wide - and 14 in. deep; and the trapezoidal channel was 12 in. “wide at the 


ona platform 100 ft long, which was adjustable to : any desired slope up to 1 in 


A water-circulating system v was provided with a maximum rate of 


1 bottom, 12 in. deep, and had side slopes of 1on13. The channels were mounted 


sone of 6 cu ft per sec. | The flow was ‘measured by a set 0} of three venturi meters rs 
‘io having slightly overlapping ranges. Fig. 16 shows the plan and elevation of | 


‘this equipment, 1? and Figs. » 17 and 18: illustrate some of the details of construc- 


it are 

‘don, Water r depth and | surface contours were “measured by point wages 
ai “mounted on rails accurately adjusted to be parallel to the bottom of _the = 

ridth _19**Experimental Investigations of Flow in Curved Channels,” by A. T. Ippen and R. T. Knapp _ 
wl of results and recommendations, U. Engr. Office), Los Angeles, Calif., 1938, p. 2. 
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channel. - Velocity profiles were obtained by pitot tubes mounted on the same var 


"carriage. Considerable care. was taken in each run to secure equilibrium | the 
ditions b between the slope and the velocity o of flow We In addition, check runs 4 


were made with velocities both above and .below the equilibrium value to. for 
the effect of departures from equilibrium. was found that the 
equilibrium requirements were not critical; conditions always remained practi- of ¢ 

cally constant through the experimental stestch, because, at. the slopes es used, a a hav 
7 long length | of channel i is aiid to produce appreciable changes in velocity cur 


ex 


Wo, 


a 


le Alanna Ulall 


, in Feet Along Outside W. 


Depth ho, 


| 


— 
an 
| 
or depth . A total of 156 experimental runs ns was made in in the e two channels and 
in the adjustable slope section. Each run had from one to seven | the 
divisions. A wide range of slopes and ‘Froude numbers were covered. _ The Th 
data presented in this paper are only representative sam: les. — ~ bet 
p paper are only represen p 
__ Nearly all the experiments were performed | in the rectangular channel. f the 
_ This was partly due to the limited time available. An additional restriction § tio 
to the work on the trapezoidal channel resulted from the growing realization Th 
d of the inherent characteristics of high-velocity flow i ‘in curves and the resulting dis 
basic angie imposed upon . the use of all cross sections in which the w idth ; 


: 
| 
zt 
a6 


varied with the depth of flow. A sufficient number of experiments was run -_ 
_ the trapezoidal channel to demonstrate clearly the reality of these limitations 
Constant Radius Curves; Rectangular Channel. —Fig. 19 shows a comparison, | 
for four different rates of flow, of the observed values versus the calculated | 
values for ‘the water-surface p along ‘the outer, wall from the beginning 


asurements were made i in a curve 


‘curve. Table 2 shows a for the height. and lection of 


| 4.50 Cu Ft per Sec, 15087 
| 4.50 Cu Ftp 


— 24 


g Outside Wall 


NE 


in Feet Alon 


2? 


Depth h 
HEY 


—— Calculated Values 
Experimental Values 


Cen tral Angle~6 


‘Fic. 20.- —ComMPaRISON oF EXPERIMENTAL AND CALCULATED ES OF 
SurFrace ProFILes 1n A Curve or 50-Fr RavIvs 


the maxima in the curve and for two sets of maxima in the downstream tangent. 
These are the same runs shown in Fig. 19. - 
_betw een maxima varies from 0.914 tol. 066 of of ‘the value, whereas in 
the downstream tangent, the corresponding ranges a are 0.868 to 1. 262. Varia- 
tions of approximately the same magnitude are to be found in the depths. 7 
These variations ar are probably the result of : (a) Frictional damping of the 
- disturbance pattern; (b) deviation from uniform velocity in the flow; and in 
"variations i in wave velocities caused by variations in the wave heights. Occa- 
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“sionally it may be o desirable e to introduce these secondary effects into the 7 
analytical treatment. However, in most designs there are other elements of 4 
uncertainty, of equal or greater en, which make increased accuracy 


“unnecessary. For e example, the slope of. steep channels" on natural terrain EC 


 PABLE 2.—Maximum SuPERELEVATION IN AND Beton Ct 
| 


IN THE Cu RVE, AT THE OUTSIDE Watt 


Run cubic | puted | ‘77 First | 
No. feet | in 4 60, by Maxiacm | to end of 
@ | | @ (7) (8) | (9) (10) (11) (2) 
| 249 | 0.160 | 3.29 | 14° 33’ | 6.68 | 0.868] 0.928] 0.895 |1.014| 0.137 
631 
120A 3.51 0.199 .28 14° 47’ 0.905 | 0.914 | 0.935 | 1.066 0 688 
119D | 4.52 0.236 | 3.25. 14° 46’ 6.78 | 0.942] 1.015] 0.951 | 1.016 | 
693 
0.260 | 15° 30’ | 7.13 | 1.010 | 0.967 1.000 —0.06° 
ad 
7 Se # Ratios of measured values to computed values. * > In Cols. 14, 16, 18, and 20, L is ine measure igths be 


usually varies quite rapidly. Thus the v velocity at any given cross section is 


in with the slope, w hich i increases the difficulty i in 


503 
4 
£ 0.1 
0 
o Gradient =0.050 
| 
£04 1.50 Cu Ft per Sec} 
203 12.48 Cu Ft per Sec 
2 904 | 3.50 Cu Ft per Sec 
0.22 
© 0.19 
<= 
<< 
a 0 ge 
4° 


BC 14°30! 27 40 EC 

Spiral Curved Section Spi Spiral 

a — 25°30! Straigh 


21. —Surrace Prorives ror Curve BANKED Borrom 


Banked Curves; “Rectangular ¢ Channel. —Fig. 2 21 shows : a run made with a 

4 banked channel heving apical transitions calculated to match the bottom 
: tion. ‘The banking was accomplished entirely by depressing the inner wall, | 


keeping the outer wall at a constant slope throughout thee curve. 


In accordance 


No 
— 
wit 
ID 
} 

uncertainty as that just shown in the location of the maxima. 
¢ 
_ 
| | 
31 

a 
dis 
| adc 


with the analysis, there i is _—" change i in the depth on the outer wall 
in and below the curve. » (In the several illustrations, the points of curvature a 
and compound curvature, beginning and end, » are designated BC, EC, BCC, and - 


ECC, respectively.) _ -) _ Figs. 22 and 23 show the surface contours and the velocity 7 


CurvE; Tests Ww ITHOUT SILLS; RECTANGULAR | 


—— 


‘Maxima ON THE 
Jistance Same SIpE 
end of 
curve INSIDE WALL OvuTsIDE W ALL 
3) | (19) (20) (ay (22) | (23) 
| 0.884 | 0.867 0.617 | 1.178 | 1.768 | 2.062 2.3 G |120A 
| 0.958 | 0.856 0.647 | 1.180 1.843 2.065 2.360 |119D_ 
0.06" 620° 0.910 | 0.815 0.721 1.080 1.793 | 2.145_ 2312 


measurelingths between successive maxima on opposite sides. ¢ One ha alf foot below the end of the curve. — - 


ToT 


50°30! 54°30! 5.33! D15.33/ 20.33! 
53°30" | 


al Transition — 


4°30’ 05.33’ D10. 33! D15. 33’ 020. 33! 


0°20" oof 
eo Spiral Transition - 


Note: Contours Represent ih. 
Respect to Bottom Discharge 
for Both Runs =3.50 Cu Ft per Sec 
0.050 


Longitudinal Scale 


‘distribution observed i in the curve for the same condition 8. Fig. 2 24 t shows two _ 


3 
additional water-surface profiles for the same curve. These are for the same dis - 


| 
November, 1949 HIGH-VELOCITY FLOW 1337 
he | 
of 
cy 
in 
@ 
— 
ag 
nsi- 
all, 
noe 


Outside Inside 


One Foot Below 


Ft Banking 
th of Flow, in Ft. 


Dep 


Circular ( oni 
Station 40°) 


Ba. of Spiral Curve 
Station 54°30’ 


Run No. 138 
S=0. 050 
 Q=3.50 Cu Ft per Se Sec 
+ Rad. 225 
Fra. 23.—TypicaL Sections SHowinG VELOCITY FOR A Cunrs BANKED 


it 


& 


a oO 


Depth of Flow, 


Straight Section — 


— 


m 
. 
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charge a as that represented i in Fig. 21. However, the velocity of approach for 
Tun 140A is lower than thee equilibrium value | for which the an angle of banking was 
The of run was higher than the 


— 


1.51 Cu Ft per Sec 
2.49 Cu Ft per Sec | 
3.50 Cu Ft per Sec | - 
4.50 Cu Ft aad Sec 


30°22" 


50! Rad. 
. 25.—SuRFACE Prori.es Curve ‘MENT 


superelevation along the outer wall drops for the low approach 
tne centrifugal force i is not sufficient to overcome the cross slope. Therefore — 


there is a flow toward the inside wall of the channel. : The opposite iti 


in Ft. 


}Run No. | Discharge _ 
151 Cu Ft per Sec| "02 
2.48 Cu Ft per Sec | 
3.50 Cu Ft per Sec 


3.50 Cu Ft per Sec 
4.50 Cu Ft per Sec 


pth of Flow, 


N, in De 
ooooo 


h of Flow, 


Dept 


_ 010.33" 020.33" | 030.33! 
e | 22°30/ 32° | 33! 036. 33! 


25°30! Straight Section 


‘Fie. 26.— —Surrace P. PROFILES FOR SPIRAL TRANSITION TREATMENT 


is true for the high velocity of en. ~ Both these ru runs show small but ap- 


“— 25 shows the surface profile along the outer ‘ell for “compound curves” 
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4 designed to have circular transition sections of double the ra 
curve and with lengths s equal to one half of the w wave length ol iin 


pat attern. The : superelevation i increases in the transition section, remains nearly 
constant throughout th the main curve 


99 
Pu 


= of Flow, in Ft. 


22°30" 32° _| 46°30" 53°30 5.337 015.33" 25.33! 


Straight Section 


Gradient= =0. 050 


Normal 
Komal Run No. 
|Normal |Run No. 
| Accelerated |Run No. 
0° 4° | 14°30! 27°15’ 40° | 52°30/ | | Accelerated |Run No. 
7945" 22°30" 32° 46°45" 54°30" 0. 020. 
BCC ECC Decelerated |Run No. 
Curved Section 39° Decelerated |Run No. 
Decelerated Run No. 


Transition 
Rad. 
‘Fie. 27. Wass Prorizes For SprraL AND CIRCULAR TRANSITIONS; 
Norma, anp Low APPROACH VELOCITIES 
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Fie. 28. —Sunrace PROFILES FOR SIMPLE CIRCULAR Curve WitTHoutT TREATMENT 
stream transition section. A small disturbance pattern is visible which shows 
“that complete interference _ was not obtained. The he measurements i indicate 
‘that, if the velocity o of approach had been ‘slightly lower, the curve would have — 
exactly in with the Profiles for 
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charge of run 148A, | the ; performance was equally satisfactory for the other | 

three flows, 


_ Spiral Transitions; Rectangular Channel. .—Fig. 26 shows the surface profiles 
for similar flows in a curve of 25-ft radius having spiral instead of circular — 
transitions. — Its behavior is nearly identical with ‘that of the curve having 
circular transitions. . Both curves were designed for a total turn of 54° 30”. . 
The center-line length of the curve v with circular transitions w vas 30. 53 ft, = 
whereas with spiral transitions it. was 36.43 ft. Thus, the latter curve is 


16% longer, although 1 no better. 27 shows similar 


tions from the design velocity is about as low as that of the banked bottom 


‘design. 


0.5837 


Scale in Feet 


305 4.53 Cu Ft per Sec 

0 03! 
2. a7 ( cu ft per Sec Horizontal 


Fia. 29. —SuRFACE PROFILES FOR SILL TREATMENT 

Submerged Sills; Rectangular Channel.—The effect of submerged sills can 

be s seen by a comparison of Figs. 28 and 29 which show the wall profiles for the 7 
30’ += same flow conditions in the same curve with and without sills above and below 7 


the curved section. , Fig. . 30 shows the surface contours for one of the three’ 


discharges | shown in Fig. 29. It will be seen from Figs. 28 and 29 that the sill : _ 
| treatment produces very acceptable flow conditions, 
- Z Experimental Comparison of Effectiveness of Various Designs for —_ 
Channels —tTable 3 shows the comparative effectiveness of various corrective 
‘designs j in similar rectangular channels having the same slope, the same main F 


radius, and the same total angle of turn. | The sets of panes are for a 


identical rates of flow. The curves with sills have slightly higher disturbances 
in and below the curved section than do other methods of treatment. The 
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TABLE 3. 3.— RELATIVE EFFECTIVNESS OF CORRECTIVE DESIGNS | 


char 


MEASUREMENTS; PERCENTAGES OF THE DESIGN| 
Vatur oF Q or or THE Desian VALUE OF ho (0.198 


Oute Inn Int Along | 


225.0 | | 31232 


9 4 
(277.6 | 142.3 223.0 | 


208.6 | 157.0 | 1.77 
‘| 243.0 | 2026 | 1:77 


| 1.77 


(c) Muttipte ABove AND BELOW THE CURVE 


706 | 848 | 150.4 102.0 | 119.1 | 

100.5 | 180. 125.7 | 138.3 

129.6 | 118.2 169.1 | 163.0 | 


149A | 1. | 2. 


149B | 2 49 


148A | 3.50 | 100.0 | 
150A | 4.50 | 128.7 


v2 
h+ 


60.1 | 1030 | 54.0 6 | 616 | 1.37, 

808 | 1510 | 808 | 868 908 | 078 

97.5 | 187.2 1035 | 1116 
1222 | 2200 | 124:7 | 1288 | 086 


Values of - 


to toto 


| 


31 | 

0.8 
4.51— 129.0 | 122.7. 
i The main radius of all curves used in this series was 25 ft. > Senetion of a point of downstream maximum ~ 

expressed _as half wave lengths from the end of curve for a flow of 3.5 cu ft per sec (6.794 ft). ¢ The three 
- in Table 3(b) are for qualitative comparison only, because sill conditions are not identical. 4 The ; 


reference bottom for the banked channel is depressed along the inner wall. 


616 | 616 | 3.00. 
«661. 

6 

9 


95.0 
1.96 


1 

92. 

95.5 | 109.6 110. 
116.1 | 1298 | 136. 
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| 3.51 | 100.3 | 100.5 

9D | 4.52 | 129.2 | 119.2 

119¢ | 351 | 1003 | 1000 | 1978 | 6 0.88 UGE 

127B 4.53 1.77 | 1.03 

a 

145C | 1.51 
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7 > Point it Gage Stations, in Feet 7 


Values of 


| 
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+10, 
Stations, i in — 
‘Fie. 31. —Bottom Pressure DISTRIBUTION ABOVE AND 


_" using | sills one factor must be remembered. A A low pressure region 

forms on the downstream side of each sill which is very effective in producing 
the desired deflection of the flow. In channels having extremely high veloci-_ 


ties, , especially i if accompanied by low depths, it is Possible | for the pressure in 
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's and the spiral transitions with and without banking all show 
le performance as regards disturbance in the downstream 
aad n the curve itself the least disturbance is shown by the banked - — 
beexpected. 
U10.57-\ u7! sl, Scalein Feet 
— 
~ 
The 
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- this reg region n to drop | enough to form an air — to the 1e surface, with the result 
that the flow springs clear of the bottom. — This action reduces greatly the 
- effectiveness of the sill and | causes unsatisfactory operation. Fig. 31 shows the 
pressure along the bottom above and below the sill installation. 7 This sill was. 
normal to the channel; hence, the pressure differences are somew hat higher 


7 than for the inclined sill, The measurements show that, for extremely high 
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velocities: and large depths, cavitation may occur below the sill. For all such 

conditions the other methods of treatment, such as compound curves, are to 
berecommended, 

Wan There are a few additional points: to be borne in mind in making Saati com- 

ween ant xper 
parison between a nalytical results and experimental ‘measurements. First, 
_ uniform velocity was assumed throughout the cross section. . The: deviations 


from uniformity found in real channels will affect the surface configuration. 


No. 132A aap 
Q= 5.50 Cu Ft oa Sec SS 


ce Outside Wall ho 


“Fig. ‘82. —CoMParIson or EXPERIMENTAL AND VALUES oF OUTER 


PROFILES IN A TRAPEZOIDAL CHANNEL CuRVE OF 25-Fr Rapivus 


to ‘cause significant. discrepancies. However, serious departures fi m 
7 formity may occur below the junction of two channels or below the « ann | 
an auxiliary into the main channel. Another departure from the -assump-— 
tions may be found in 1 the cross section itself. The analysis assumes a true 
rectangular channel. In the field many rectangular channels have an appreci-— 
able invert in the hatte. _ The effect of this invert may be quite noticeable 


or low rates of flow but usually disappears for design flows, =” 


For normal conditions the departures from uniform velocity are enough 


_ _ Trapezoidal Channels.— —In discussing the methods of treatment, the > charac- 


teristics of nonrectangular channels 1 were referred to briefly, but no modifica- 
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sult tions of the analysis wei were proposed to permit their use. The e trapezoidal 


the channel is one of the most common forms of nonrectangular cross section. 

the The approximate method of analyzing its behavior is rather obvious and can 
be outlined as follows: Since the depth is not constant, the wave velocity must 
vary throughout the cross section. 7 However, approximate 1 velocities can be a 

computed by using the “average depth. The effective channel width is 
fluenced by the amount of superelevation. Again, a fair approximation of the 
wave pattern can be obtained by using t! the width of the > water surface in the 

channel. rise se along the outer wall can likewise be » computed on 

the basis of the | average ¢ channel depth, if the datum is determined by the 
average depth measured down from the water surface. 7 Fig. 32 is a com- 
parison | between the calculated and measured elevations in a trapezoidal 
channel which had the same hydraulic characteristics as the “rectangular 
channels just discussed. The slope, hydraulic radius, and mean 1 radius ¢ of 
curvature were all identical. The central angle of the trapezoidal curve 

_ was 30° instead of 45° because of the space limitations of the laboratory. — 

‘Fig. 33 shows the cross section within the curve for a discharge of about 80% 

of design. . This section illustrates one of the dangers trapezoidal 


— s for high-velocity flow. ¥ As a first approximation, the water surface 


it is apparent ‘that | the superelevation. would have been much greater. 
Presumably, if the water surface and the outer wall had been parallel, the super- 
"elevation 1 would ha have been limited by only the velocity head available i ‘in the 
channel, assuming ng sufficient ¢ curve length to develop equilibrium. 

A comparison of the disturbances in rectangular and trapezoidal channels’ 
indicates that the epee are always greater in the trapezoidal channel. © 


18° 


Station 24°| 


14 13 12 1.1 10 09 08 0.7 0.6 NL 0.4 0.3 0.2 01 0 01 0.2 0.3 04 0.5 06 0.7 08 0.9 ‘10 


‘Fie. 33.— —ComPosiTE Cross Section SHowine VARIATION WITH PosiTION ALONG THE CURVE 
_ This effect follows directly from the inereased surface w width. It was s observed 


Se experiments that there seems to be a a larger ‘amount of energy _ 
stored in the “swing” of the trapezoidal disturbance a“ so that it appears 


are views of the disturbance in and below the curve rsa two niles of flow. It 


will be noted that the maximum superelevation on the outer wall c of the curve 
oves dow ‘downstream toward the end of curvature as the rate of flow increases. — 
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This « downstream travel is accompanied isproportionate increase in the 
magnitude of the disturbance pattern in the downstream tangent. This result 
7 Ss to be expected f from a consideration of the physical configur ation involved — 
since it was shown that the disturbance in the downstream tangent | becomes _ 
greatest when the last maximum in the curve occurs on the outer wall at the — 


Fig. 34.—Disrursance Patrern AND BELow THE CURVE IN A -TRAPEZOIDAL CHANNEL: 


e. q is due ” the specific length of the curve and is not typical for all trapezoidal 
“curves. For example, if the curv re had been shorter 


tangent would have decreased a as the flow increased instead of 
‘increasing as shown in Figs. 33 and 34. 


Limits oF PPLICATION 


The ana analysis and in this paper apply o nly to channels 
with supercritical velocities . Furthermore, for channels operating w ith F ‘roude . 
- numbers between 1 and 1. 5, the results may be rai —" erratic because of the 
fundamental instability of the flow 
_ disproportionate effects and may easily produce a sei which suddenly | reduces 
the velocity to below that of the wave velocity. As the Froude number be- 
ii greater than 1.5, the stability increases rapidly and, with it, the reliability 
of the calculations. — One rather unexpected result of this situation is that 
- ; these methods of calculation and treatment may be used with great confidence 
for very high velocities which would otherwise be Most difficult t to handle. — 


‘The t major limitations on the high-velocity end are air entrainment and cavita- Z 


‘VELOCIT 
j 
— 
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tion. These limitations apply much less to compound curves and curves wi 
banked bottoms than they do to simple curves and to the use of sills, 
__ The scope of this paper has been limited | to the conditions of flow i in which 
= average velocity i is constant—that i is, when the friction loss is in equilibrium 
with the ‘slope. ; The treatments are valid for the small accelerations or decelera- . 
due to the ‘constantly changing | slopes | on encountered i in the f field. 
- covered. The physical principles underlying this treatment of open-channel 
flow for supercritical velocities are obviously applicable to nonequilibrium 
conditions as well. Examples of such treatments are found in other parts of | 
this Symposium. — _ There are undoubtedly many other cases not yet examined — 


which can be solved by considering the unique characteristics of ‘supercriti- 
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‘DESIGN: OF CHANNE CONTRACTIONS 


1 


By ARTHUR T. IPPEN,? M. I. ASCE, AND JOHN DAwsoN,”° 
JUN. — 


Channel contractions for subcritical flow are designed for minimum energy 
losses by p proper streamlining of the boundaries. — Efficient and economic 
os solutions are ac achieved with relatively. little difficulty. If s supercritical flow 


. exists, the accent of design is shifted to the reduction o or eventual elimination 


of the standing wave patterns which appear as a resu 
ance with the principles discussed i in the first Symposium paper. So far these 


designs have envolved from experimental try processes with models. 

_ This third Symposium paper endeavors to show, on the basis of experimental | 
evidence, that the basic principles of supercritical flow can be applied in a 
_ satisfactory manner to the design of typical | channel contractions and that 

- solutions may be found with a : a minimum amount of ‘surface disturbance 
patterns. Furthermore, the ‘magnitude c of the s standing ‘waves may be pre- 
dicted adequately, | as well as their location within the channel contraction. 


The method of eliminating waves in in the downstream channel i is discussed for a 


basic form of channel contraction, 


procedures. The theoretical basis of procedures is supplied by the 


principles of nonuniform flow applied, successively, to short channel — 
‘Variations of velocity and depth induced by the conveying boundaries are 
> assumed te to occur only along the channel axis. Basic ‘surface ct curves identical 
all longitudinal ‘sections are derived in first assuming 


_ that the total head remains ¢ 


ure of the lateral 


and, must be attacked quite differently because of the occurrence of standing 

7 waves. The basic principles of the theory have been discussed in the first 
Symposium paper. . The primary conclusions with 1 respect to the problem in 

- question are that, in economically feasible structures, standing \ waves cannot be 

- avoided, and that their characteristics must therefore be explored carefully to 

_ insure successful design. _ Velocities in supercritical flow will vary in magnitude 


20 Associate Prof., Civ. Eng. Dept., Oklahoma Thst. of Technology, Oklahoma Agri. and Mech. College, : 
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and direction in a systematic fashion in transverse se sections, and o-marpap~dl 


“immed will not be constant. ~The effect of of a transition is not confined to 
1e 


flow conditions downstream from the transition for very long Sinan. Design 

for a minimum of standing waves, therefore, is the particular goal for flow at 

supercritical velocities so that economical structures may result. v various 

phases of through contractions were attacked by a number of in- 

Technology (M. I. T) during the years from 1938 to 1947. Although con- 

siderable experimental work remains t to be sansa iti is felt that a summary of the 


concerned with structures of this — 


Conrractiox 
ConTrRAcTIONS Composep oF CIRCULAR Arcs 


The first systematic attack on the problem was made in 1 the Hydraulic 


Laboratory of Lehigh University with a channel contraction composed of two 
equal c' circular arcs along each each wall as shown in the diagram of ‘Fig. 35. This 


Radius, 75 In. 


| Radius, 75 in. 


Center line — 


‘Fig. 35. —ConTRACTION CoMPoseD OF CIRCULAR ARCS 


case was — as one that might be typical of a contraction designed on 
- conventional knowledge of op open-channel flow. _ The photographs of Fig. 36, 
- taken i in the downstream dir direction, show clearly the problem to to > be faced with 


‘supercritical flow in such contractions. The surface of the stream is traversed 
4 


_ 4“*The Effects of Lateral Contractions on Supercritical Flow in Open Channels,” by J. H. Dawson, _ 
thesis presented to Lehigh Univ. at Bethlehem, Pa., in If 1943, in partial fulfilment of the requirements for the 
degree of Master of Science. 

2“ Design of a Sharp Angle Contraction in n Supercritical Flow,” by D. P. Rodriguez, thesis presented 
to Lehigh Univ. at Bethlehem, Pa. » in 1943, in partial fulfilment of the requirements for the degree of 

%**Experimental Relation Sudden Wall Angle Changes and Standing Waves in Supercritical 
Flow,” by D. Coles and T. Shintaku, thesis presented to Lehigh Univ. at Bethlehem, Pa., in 1943, in partial 
fulfilment of the requirements for the degree of Bachelor of Science, sess 
Theoretical Investigation of Standing Waves in Hydraulic Structures,” by A. A. —", 
presented to the Massachusetts Inst. of Technology at Cambridge, Mass., in 1946, in partial fulfilment of 
the requirements for the degree of Master of Science. — 

“Standing Waves in Supercritical Flow of Water,” by M. P. Barschdorf and i G, Wondoary,— 

Sete presented to the Massachusetts Inst. of Technology at Cambridge, Mass., in 1947, in partial ful- 


filment of the requirements for the degree of Master of Science. __ a = 
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_ by large von waves sii in height, exceed cons considerably | the initial | depth 
7 ‘ of flow. The converging ares in the upstream part and the reversed ares in the = 
_ downstream part of the contraction were chosen to be equal and with a 16° cen- — 
— tral angle each. The contraction was from a 2-ft width to a 1-ft width for the 
downstream. channel. These two conditions, therefore, determined the radius 
of curvature of ’ of 75 in. a and the length of f the contraction. . The channel co contrac- 
tion was set into a steel flume, which was 2 ft wide at its upper end and 1 ft 
ian in the longer Teach of ft below the contraction. stor tein any flow the 


‘number "between F = ar F = 12 by discharging the water nie the flume | 
‘eh a a rectangular nozzle, whose opening could be , adjusted to give a 
certain desired depth. All water ‘quantities were determined by a calibrated — 
venturi meter i in the supply line from a constant- head tank. The entire surface 
: within the e contraction, and for a sufficient distance downstream from the con- 

‘traction, was ‘mapped for the runs presented i in Fig. 37. — Normally, however, 

only ‘the side-wall elevation and the center-line were determined for 


all stations along the contraction and downstream. tang 


Surface Contours in Circular-Are Contractions—The differences in the sur. 

ace elevations between subcritical flow and supercritical flow are strikingly 
_ esc from the configurations of the constant- depth lines in Fig. 37. Fig. 
37(a) shows distinctly that the usual assumption of essentially constant depths - 
in transverse flow sections is basically fulfilled for this run at a Froude 1 number 

of Fi = = 0. 358. Fig. 37(b), for a Froude number of F, 1 = 4, shows clearly the 
essentially different surface contours for cases of supercritical flow. The 


characteristic feature of flow 1 remaining undisturbed within the center of the 
is apparent. This can easily be explained on the basis of 
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- disturbance lines discussed in in the first Symposium paper. The increases in 
depth caused by converging side walls can only be communicated along dis- 
_ turbance lines at a wave angle , to the oncoming flow. Positive lines adios 
to converge originate inren-3 = first or concave part of the wall, and diverging 
n the convex part of the In Fig. 38. 
a theoretical solution sk howling the disturbance line lines on the basis of the he method o of 
characteristics is given en for comparison with the ac actually y measured surface lines. 
The converging lines result in steep wave fronts which clearly have their : 
counterpart i in Fig. 37(b). The diverging or negative re lines ¢ extend from Station 


16° on downstream, resulting in a a depth along the wall at the « end of the | con- 


traction which to the normal depth. 


0. 


A= 


+9 


37- oF Water INA _ConTRACTION Composep OF ARCS 


he. characteristic variations in n depth al along the side walls © 


comparison with the measured surface lines. 7 “According 
~ discussed i in connection with Fig, 3 in the: first Symposium paper, all theoretical 


at that ‘section increases from 2 zero ro to 1/r and and s since e velocity at 
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the wall is assumed equal to the normal velocity V;. At Station 16° there must 
be a peak, because at this point the curvature is reversed suddenly in the 
example investigated. This point would correspond to the peak obtained 
along the outside of a channel curve where the first negative disturbance 
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14 reflected. The only difference is that, in the latter case, the negative impulse 
is created locally instead of being produced at the opposite wall and being ol 
mitted along a negative disturbance line. Since the total angular turn of the 

_ reverse curve must also be 16°, the depth along the wall must revert to the 7 


initial depth Ai, and the Froude number F of the flow at the end of the contrac- 

tion should again be the same as at the entrance, at least along the walls. The 
- complication arising from this requirement is not difficult to see: The con- 
. tinuity condition obviously does not permit the same velocity and depth to 


7 exist in the narrower section as in the wider entrance. It follows that depth 
_ and velocity must vary across the end section in such a way as to satisfy the _ 
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continuity condition. A fundamental weakness, of this ty 3 type of le a 

_ The lowest initial Froude n number that would not result in a hydraulic jump 


being formed in the contraction was F= 3. The discrepancy between theo- 


PLAN OF CONTRACTION 
we DISTURBANCE LINES 


ms, F = 4: (a) PLAN OF Cowrnacrion AND DISTURBANCE Lines; (b) CHARACTERISTIC DIAGRAM; 
(d) ) ComPaRIsON or Sipe-Waun SurFace PRoFILES 


etical and n measured profiles is is explained by the fact that the Froude number — - = 
of the wave is too near the critical, ‘and therefore small changes i in velocity 


--Tesult in large changes in depth. The counterpart of this case is found for = 
tight hydraulic jump w hen the undulating stage is reached and unstable an 
_ tions are approached. In actual practice such conditions are to be avoided. 
- The theory, it is to be remembered, too, neglects ° vertical accelerations, which 
assume relative importance in the present. case. ~ The agreement between 
b theory and measurement is very close for F =4 to Ss 8 as far as height of 


the | total disturbance i is concerned. Only when F = 12 is there a serious dis- 


- crepancy apparent. : This difference is explained by the fact that the maximum 
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: depth : ny the wall is now seven times the initial depth, a case in. which — 
vertical accelerations must become excessive. , Such a “ratio of h/hy would 
an not be permissible in practice and would clearly call for a longer 
transition with smaller 


ae 
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‘Fie. 39. 39.—MeasureD AND THEORETICAL ‘PROFILES FOR CrrcuLar-WaLL ConTRACTION 
‘Iti is not the magnitude of F F which causes the difficulty, but the fact that the 

pater angle of the circular-wall sections is excessive for high values c of F. + 7 
longer transition therefore is indicated, which might be designed for a curva- ; 
ture determined by a specified ratio of permissible: central angle 

can easily be read from the curve in Fig. 3 for such a . ratio, ¢ once the starting 
_ point has been determined from the flow conditions at the entrance. — y 
d 
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the same. The wall profiles therefore may a unsymmetrical if if, for 
example, : sees radiusis used for the downstream arc than for the upstream one. — 
Nevertheless, a given depth change is always associated with a. giv en change i in 
direction, or in 0; and at the point of the same total angular change along the = - 
wall the same yaory ‘must occur for r given initial conditions, alw: ays assuming, 
of course, that no disturbance line reaches the wall from the opposite side. a 
_Boundary- Layer Effects. —In comparing the measured profiles i in Fig. 39 
with the theoretical profiles it is noted, first, that usually the. measured profile 
ona a somewhat delayed and smooth rise as compared to the e aforementioned 
sharp initial break at the 1e entrance. | Second, the peak does not consist of a 
cusp, as_ ; shown by the computed profile, but is broad and rounded. Both 
differences are explained by the effect of the velocity distribution along the 
wall. 4 The velocity increases from zero to the normal velocity within a certain 
finite distance from the wall, which implies that the angular change is ‘not 
transmitted to the main flow immediately. The initial angular change A@ is ac- 
thin a zone of lower Froude numbers and, therefore, with smaller 
elevation The steep rise of the profile i is delayed until the zone of 
higher | velocities is affected. 7 This boundary-layer influence is felt also at the 
peak of the profile, since the negative reversed curvature is” 
similarly delayed and takes effect only gradually through the boundary layer ; 
adjacent to the wall. Although this influence of the boundary layer is quite 
noticeable i in the small- “scale experiments, for conditions i in Jarge structures : a 
better: conformance the theoretical profiles must be expected since ‘the 


ine -layer » thickness for large structures is considerably reduced d relative 


tothe other dimensions. 


Related Types of Contractions.—The question may now be a sked as” to. 
whether the findings presented for this circular-are contraction a1 are basic and 


unavoidable for such channel contractions in n super critical flow. To ; give a 
general answer, a few additional forms may be discussed in principle | onthe — 
basis of the theory and with the aid of Fig. 40. _ The Froude number F,: may be 
assumed to increase from one case to another while the wall alinement is kept 
the same for each type of contraction. — Tte can be seen that a given type of c con- 7 
traction might, instead, have been varied | in length to produce the various 
wa ave patterns discussed on the basis of the same Froude number. However, 
the former basis of comparison is chosen as the more convenient. It may also” 


be stated that, in order to make the comparison systematic, cases which are 


obviously impractical are still included to illustrate certain points. 


- probable wave patterns have been s sketched into three plan views 8 (cases | 1, 2, 


Bae 3 of the three types of” contraction, A, B, and C). However, only oe 


initial disturbance lines and the basic shock waves are indicated, so that the 


ili lines of reflected disturbances may not obscure the fundamental problem. — 


‘Types A, and C, case 1, have little pr practical significance. Since the 


pane angles are normally small, extremely long contractions would be required | 


s ovember, 1949 -HIGH-VELOCITY FLOW 1355, 
h The theoretical profiles in the example chosen are symmetrical with the oo 
d - maximum point since the curvature of the two arcs composing the converging 7  : 
ro wall is the same. _The maximum will not be changed, regardless of a change in ae 
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| 
“for the waves to intersect as far upstream as as is shown. Cases AL and Bi are 
= than case Cl, since the positive waves reach. te opposite wall within 


the « convex range of wall curvature, | whereas case Cl has some positive waves 
<2 “reflected within the concave range—thus causing still higher elevations along 
this wall. Case B1 will have the most pronounced : shock ‘wave the 
converging positive disturbance lines are so crowded together; the rise in cases’ 
Al and C1 will not be so steep, but of the same ultimate magnitude. - Case Al 
- and, ‘especially, case case B1 are more. advantageous than case C1 in that the positive 7 | 
4 disturbances are partly canceled, and somewhat lower diamond waves result in 
the downstream channel. However, these conditions may exist only for very” 


long. contractions or for large wave angles near critical depth, and, therefore, are 


not expected to occur in practice. 


Case 1; F FL Low Case 2, F Normal 3; F High 


40.— —ConTRACTIONS CompPoseD or Arcs, SHowina ScHEMATIC Lines 


Types A, B, and C, case 2, are characterized by having the first wave inter- 
section farther downstream, and they are marked “F normal” because the 
conditions of permissible wave h height for given Froude numbers and desirable 
lengths of contractions would ‘result in patterns of this type. = ~ Case C2 is the 
most undesirable’ since the “wave-decreasing” influence of the convex walls 
is shifted downstream, ¢ and a maximum n depression along the | walls may lie in 
the same cross section as the intersection of the shock waves with its resulting 
maximum depth. The highest differentials of depths are obtained and, there- 
s q “fore, the maximum disturbances in the channel downstream. In ‘solution | 
A2 this tendency is somewhat relieved, , and in B2 the converging lines are so 


- far upstream that some of the negative disturbances may reach the shock fronts 


in advance of their : point of nt of intersection—thereby reducing their heights. 
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_—- types A, B, and C, case 3, all the shock-wave intersections are moved 
too far donut, which results in large disturbances, if such conditions can — 
be maintained at all. There are indications that for cases A3 and B83 the con- 
te is too short because the Froude numbers ‘appear to to be too high. AL 
though peaks may be relatively somewhat lower for cases A3 an and B3 than before - 
(due to the effect of the negative impulses from the convex wall i.e 


occurrence of maxima and minima near the same cross section indicates large — 


Summary, —Of all the contractions, B2 will probably | perform best. 
er little from 1 solution 


and smaller downstream disturbances may y be expected due to wave inter-— 
ference in this case. In designing such circular’ ‘contractions, therefore, the 
characteristics | of this type may be followed. In the following section, how-— 


~ ever, a@ more systematic approach i is indicated toward basically better designs. a 


CONTRACTIONS 


General F Principles o of Design —The dal rational for or supercritical 
eo: must be oriented, ‘first, toward lower standing waves and, second, toward 
_ reduction or possible removal of standing wave patterns in the channel section 
downstream from the contraction. — As stated, the total deflection angle 6 
_ determines the wave height, regardless of the degree of curvature of the side 
walls. Itis logical, therefore, to decrease this angle 6 toa minimum. — For the 
contractions: discussed in the preceding section, decreasing values of 6 are 
"obtained by i inserting longer straight-wall sections between the circular sec- 7 
tions. Thus, for of the same length, increasing curvatures result 
for the circular parts, but the deflection angles are decreased. — The minimum 
angle @ is had by connecting the upstream | and downstream tangent points by 
straight lines, possibly rounding the corners rs slightly for the sake of canis 


TABLE 4.— 


2.1 d 


as 


Table 4 serves t to illustrate the reduction i in maximum wave height for a con- 
~ traction. of given longitudinal extent as a function of the Froude number. 
~The values of h2/h; and hs/h, are listed for a contraction composed of circular 
ares of 16°, central angle, and for a straight-wall contraction of 8°, deflection 
angle. . The ratio h3/hi represents, in each case, the theoretical depth ratio for 
‘the zone immediately below the f first shock- -wave ‘intersection and is assumed to 


be. indicative of the highest possible ‘disturbance. ‘The rs ratios hs/hi naturally 
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become excessive for the higher Froude snails from a practica al point of view, 
but they are considered here only for the sake of comparison, 
‘The design procedure | for a straight contraction is simple: For an initial 
Froude number Fy, and for a permissible depth increase h2/h, the wall angle 0 
F and F, can be found from the the diagram in Fig. 8 of the firs first Symposium paper. 
2 The first shock wave can be reg regarded a as reflected at the center (see Fig. 41) by 
4 its image wave from the opposite wall. - Since the depth and velocity beyond 
this point of reflection or intersection determine the height and location of the 
disturbances downstream ; and, since the angle @ must | be the same for the 
initial and reflected waves, the diagram i is used | again to determine ha/he poo 
F; with the values of 0 and F, found previously. The ratio h3/h; can then be 


Negative Disturbances 


MINIMUM 
DOWNSTREAM 
DISTURBANCE 


SCHEMATIC PROFILE 


“readily computed and should normally not be higher than three. _ 41 (c, 

will show immediately whether the hydraulic quantities are safe in so far as 
they remain sufficiently supercritical. | ° In practice, wall angles so small (and, 
_ therefore, contractions So long) that a ‘second Teflection along the wall takes 
within the contr action are _ Theoretically, however, 


= 


- 


mwas 

im 

at 

— 

added to the computation with the same angle @. 
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Wave Patterns in Channel Be a Contraction. sll the preceding section it 


“was shown. that, on the basis of the. theory, better hydrualic . performance is is 
alw ays obtained for contractions with straight walls rather than with circular — 
— wall alinements due to the smaller total angle of deflection. . The additional - 


aim of design i is to reduce the standing waves in the channel downstream from 


is s ignored, the shock v waves s set up the: converging walls ar are 


to the negative disturbances originating at points D and D’ (see Fig. ‘Al(a)) i in 
a rather ' haphazard fashion. . In the discussion of the various possible wave 


patterns sketched in Fig. 40, the location | of the shock-wave intersection BO 


wave height in ‘the downstream channel. _ Maximum disturbances result with he 
points B, D, and D’, lying in the same cross section. — Minimum | disturbances 
are to be expected if the reflected shock waves are made to meet the walls at 
points Dd. and ‘D, since then the deflecting effects of shock waves and walls 
; tend to cancel each’ other. This cannot easily be accomplished with S-shaped 
_ wall contractions unless ‘straight: sections are introduced between the concave 


and convex wall sections. However, it is ‘possible to to. design straight- wall 


contractions as indicated in Fig. 41(0) to meet this requirement for low dis- 


| 


| turbances. ¥ ‘The disturbance prey even be reduced to zero in ‘such | a case, 


provided the basic assumptions of the theory could be satisfied. 


> what extent these assumptions are violated remains for further dis- 


cussion. At this point the geometric conditions in relation to hydraulic fow 
conditions may be established for such 1 designs in ac accordance ee ie notations 
in Fig. ‘41(6). . The deflection of the flow at points J Aa and A’ at the channel © 
"entrance ca causes symmetrical shock w vaves which cross the channel at an angle. 
6, and meet at point B at the center. — They are reflected to the walls and o 4 
their way proceed through a new » flow field characterized by the parameter 
: If they meet the wall (as assumed) at CD and C’D’, theoretically, there 
ae no disturbances because the flow has been directed parallel to the walls 7 
in the downstream channel | by synchronizing the deflection effect of the waves" 7 
| BC and B’C’ with the deflection effect of the wall. 7 Since the deflection « angle 
6 is the same for both, no disturbance is obtained. It is difficult to correlate, a 
‘mathematically, the geometric and hydraulic conditions for this special case — 


although the simple enough. The hold: 


| 
‘ 
| 
inuity conditions yield hi Vi = 63 hs Vs = 
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In agreement with Eqs. 19 to 22 of the first Sy: mposium paper er and Eqs. 40 to 42, alr 
all conditions are available to determine the shape of a contraction. It prob- sid 
ably i is impossible to to eliminate from Eq . 40 the variables 8; and 62 and to ree ~ the 
“place them in terms of hi/hs, 6, and F,/Fi. Therefore, the ‘procedure must be the 


one of trial and error as follows: For a given value of F; a certain reduction 
i in width is required from b, to bs. The; assumption n of a desirable depth change 
am ha/hai is made, and F;/F; is thus given by Eq. 42. Provided F; is not too close 
to the critical value, Fig. 8 may be employed to determine the > deflection ar angle 
a by trial and error. Assuming | a value of 0, the. corresponding values of ho/hy 
and F, are read from that graph. A second determination using the same 6 
and replacing by the just obtained will ‘yield a value of hs/ha. 


plying _ by ha/ha, , the trial value of hs/hi i is obtained. If this is not the 


procedure using this is extremely fast. 


m 
from Eqs. 40and 
Ing general, long. contractions , will result for low values of h3/h; and high 3 
values of F;. Ratios of = 2and ha/hy = 3 seem advisable in order to ree ev 
; duce the length of contractions, provided F; stays well above the critical value, th 
it the contraction cannot be designed to the correct angle 6, disturbances | ac 
_Taust be expected 1 to continue into the downstream channel, as indicated in 9 st: 
Fig. 41(a). ‘The maximum 1 height of these disturbances n may then be deter- te 
mined as in the foregoing procedure. process is repeated twice with a Wi 
4 given angle 6, since the maximum depth h3/h, will occur at least within a Harrow ne 
zone below the wave intersection B. It will then recur intermittently along side fr 
walls and center line, provided points C and C’ liet below points D and ’. The 


stream waves, since points D and D’ are the origins of negative disturbance 
4 lines. «iti is felt, however, that the limitations imposed on the theory by the 


basic would render a possible: theoretical surfaces 


a 


2 “respective positions of points D and C tend to modify | the height of the down- 


Straight-wall contractions are always better than curved- wall contrac 
1 _ tions from the standpoint of maximum wave height and compared on the basis” 


_ 2. For given reductions in channel v width , correct deflection angles 6 may 

be found, which result in minimum nm disturbances in the downstream channel. 

of Vertical Accelerations and Boundary-Layer Influence.—The actual physical 


- features of shock-wave fronts differ from the “ones assumed i in the basic theory 
toa a considerable extent, as is indicated schematically i in Fig. 42. _ First, vertical 
_ fronts, represented by single lines in plan | and having negligible longitudinal © 
* 
dimensions, are arrived at in the elementar ry y theory; and, second, the velocity 


is assumed constant over the depth. 


The flow is is assumed to ¢ expand under r the front instantaneously, in accord: 

ance with the deflection imposed on the s stream by the side wall It has 
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In 
= this is one of and actual appeara ‘of 
the shock wave is considerably modified under the influence of the neglected 


Fra. 42. —Scuemaric CoMPARIsON OF ACTUAL AND AssuMED Wave Front 
- factors. The flow will expand rather gradually | in the case of low waves, 7 
whereas, for higher fronts, the » surface slope approaches the vertical with — 

eventual overturning or breaking of the wave. - Surface rollers, familiar from 
the hydraulic jump, are formed. Steep fronts naturally cause high vertical 
accelerations and, therefore, considerable deviations from the assumed hydro- 
static pressure distribution under the front. _ Thus, the wave fronts are charac- 


terized locally by depths which are higher than those calculated. However, 


within a short distance the depths revert closely to. the net | depths as 
as the streamlines are to the bottom The fact that wave 


‘The longtitudinal ¢ dimensions | of the hve should be small as one to the 


remain ‘walla regardless of these local 


In Fig. 42 the boundary layer along the bottom i is indicated to an exagger- 
ated extent by a dashed line. This boundary layer will i increase » disproportion- 
ately in thickness under the wave front since the low momentum of the fluid 
within this layer i is not sufficient to overcome the adverse pressure gradient 
under the front. This fact will change the so-called displacement thickness of | 
this layer and will be equivalent to a rise in elevation of the bottom, thus de- 


‘creasing: the ‘specific head of the flow. , A ‘slight , change i in the height of ‘the 


front and in its location may result, Although ‘this discussion is helpful in _ 
the analysis of experimental trends, refinements of the theory do do not seem 
warranted for the purpose e of this | paper. 
EXPERIMENTAL RusuLTs witH STRAIGHT-WALL CoNnTRACTIONS 


The two phases of the problem with straight contractions were e the oubieet 
of several experimental studies at Lehigh University a andat M.I.T. As shown — 
— the basic theory and the experimental results obtained for curved _ 


side walls agree satisfactorily (see Fig. 39), giving disturbances corresponding 
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‘ ‘ets maximum deflection angles. The statement made previously that 

: _ Straight-wall contractions are more re satisfactory due to smaller deflection angles 


has already been ported by theoretical evidence in Table 4; it rei remains, , there- 


fore, to present ‘experimental confirmatio . Two sets 


of results are available for this purpose. 


M. P. Barschdorf and H. G. W oodbury,?> in a flume constructed of alu- 
minum pla tes for accurate work at the Hydraulic Laboratory at M. I. iT. 


¢ 
| 
I 
an “Fie 43.—Views, Factnc DownsTREAM, OF ConTRACTION COMPOSED 
a 
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arranged fo: for r movable si side walls, so that wall angles of from to 30° could | be 


established. For Froude numbers between 3 and 4 they ‘conducted a series of 


“experiments. measuring the pertinent features of the standing waves produced ~ 


for wall deflection angles from 3° to 30°. A sufficient number of transverse 


profiles were determined by ‘point: gage to 0 obtain the wave heights and wave 
angles independently of the local effects discussed in the preceding section. 
The , photographs of Fi Fig. 43 are two views ws facing downstream into the contrac- 
tion with a wall angle of 0 = = 15° and for a a Froude number of F = 3.86. ne 


Profile Scale of Depth, 
a inches | 


oni 


10 


Profile 


Fra. 44. —Surrace PROFILES WAVES Stratgut- CONTRACTION; 
= 3.86 = 15 


surface profiles for all runs were plotted i in distorted scale in isometric form as 
shown for the preceding example in in ‘Fig. 44. . The ini initial rise of the surface 


a disturbance the depth along the wall returns to a more or less constant. 
value.  Side-wall profiles are also plotted and show clearly 1 the constancy of 
depth he along the wall, 


In Table 5 a comparion i is s presented of measured and theoretical values of 


at 
| 
sets 
alu- @ wa 
Were etermined from the known quantiti 
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§ vertically at each station and id by drawing § straight lines through t! the wave front 
locations thus obtained. . From Table 5 it is seen that excellent agreement was” 

for this Froude number F, as far as ultimate values of he/hi are 
concerned. ' The values of varied from 

_=12 % to +5% about the theoretical value. 
for the. Sifferent deflection angles. 
from 3° to 24° . The general tr rend ob- 
tained consistently for only slightly differ- 
ent Froude numbers is best illustrated i in 


; - ‘Fig. 45 in which the ratio K of sines of the 
actual to the theoretical 


actual: 
(43) 


—is plotted against the deflection angle @. 
‘Since the minimum possible value of (8; is. 
= the influence of the: 


Wall Angle 0, in Degrees 


low iew than indicated by the theory, 
and larger than the theoretical values when 
‘greatly exceeds values of 2. This 
result shows that vertical accelerations will 
affect the location of the wave front. 
_ This tendency appeared also in a series 
«110 of tests conducted at Lehigh Unive ersity — 
by D. Coles and T. Shintaku,” Jun. ASCE, 
K Agawst when the wall angle was kept constant a 
Pe sails MPA = 6° for a range of Froude numbers from 
= 3to Fi = 10. 0. Their are summarized i in Table 6. Although the 
ratios he/hi are obtained fairly easily from the measurements, the angle Bi is 


Fria. 45. —PLoT oF Factor 


a - so readily available from the . data and depends somewhat on the ‘method 

‘TABLE 5.- —ComParison ¢ or THEORETICAL VALUES 


OF Bi AND | FOR a Froupe NuMBER OF Fi = = 3. 86 


©. . "ERCENTAGE 


Wall | Theoreticale-| Measured | Theoretical Measured FROM ‘THEory 


15°30) -118— 
18°15’ 7 9 
22° 45’ 170 3 
7 2.00 — 15 
+56 

+63 | 
+52 


; Tent to to Fig. 8. We ave angles By were determined by averaging the wave fronts 
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a Essentially the basic theory stands confirmed by the experimental findings in 
laboratory flumes for a practical range of F, from 3 to 8 and of he/hi from 1 to 3. 


Its usefulness for is within the limitations discussed. 


TABLE 6. —Compantson OF MEASURED AND ALUES OF AND 


FOR Varvinc FRoupE Numpers AND ) CONSTANT WaLL ANGLE 6=6° 


= — 


19° 30’ 40° 
8.00 12° 20" 
0.00 


stream. Fig. 46(a) shows the dimensionless depth nasties slong the walls of 


the channel and its center line, ‘Starting at the end of the contraction for the 


contraction and with maximum deflection a angles of 16°. Although 
_ the comparable straight-wall contraction should have been built with @ = = §° 
__ to obtain a contraction of the 
same length, a longer contrac- 7 
tion with @ = 6° was built to 
extend its usefulness’ into the 
range of lower Froude numbers. 
These profiles a are shown 1 in Fig. 
as before for or the same 
“hydraulic conditions. The im- 
‘provements with respect to wave 
height are readily seen, 
In addition, attention is: 
called to. ) the fact: that the 
-turbances for F = 4 are 
“ally less than for F = 3 for the 
same contraction. This factin-— 


that the the contraction at 


s indicated in Fig. 
38, the p points 
a intersection and reflection of 
d 
Fig. 48.—Factna Downstream Towakp ‘the wave ‘fronts. were locate 


so as to cause maximum dis- 


turbance, 
Previous 1 to ‘this study D. P. Rodriguez™ designed a correct straight-wall 
contraction for F= 4 and for a a reduction ratio of by /bs = 2. The angle @ 
for this case was computed to be 6.9° . Tests were | then made on a one- pap 
contraction in the Lehigh flun flume. e. The best profiles | were found not for F 


| 

ob 

nally made to compare disturbances from contractions in the channel down- T 

| 

— 

2.00 2.17 

| 

i 

— | 

— ce 

bas 


but for F-values of about 3, as indicated in Fig. 47 showing the various wall and 
center-line depth profiles. This result, although not ; anticipated at that time, 
is due to the fact. (established later) that the actual wave angle Bi for this wall 


_ angle and Froude de number i is smaller than the computed value (see Table 5). 


- Therefore, ¢ a longer contraction is indicated than is obtained from the theory. - 


It is also for this reason that the wall angle of 6° was chosen in the study re- _ 
7 ported by } Messrs. Coles and Shintaku. yw ith this smaller wall angle ‘the 


improved profiles for F =4 in ‘Fig. 46(6) were obtained. A photograph 


F =0.315; Q=1.45 curr PER SI 


05 10 15 20 
= 1.44 cu rT PER SEC; =7.15 FT FT PER SEC; 


FT 


Fig. 49.—Contours OF WATER SURFACE IN A STRATGHT-WALL Cowrracrion FROM 2 Fr to 1 Fr 


showing this contraction with flow conditions near F = 4 is : given in Fig. 48, 
which readily shows the improvement in the surface disturbances when com- 

-Pared to views: in Fig. 36. A further graphical illustration of of this case is 

‘supplied by the surface contour “maps of Fig. 49. Fig. 49 gives the surface 
for I = 0. 315—that is, for subcritical flow, wh ich 3 is equivalent to the case 
2 plotted i in Fig. -37(a) and does not show any es: essential difference. | For the case 


of supercritical flow with ie ‘Fig. 49 mi may y be to Vie. 37(6), 


lines is seen to be considerable. a 
3 


- The > experimental e evidence 2 presented | in the preceding section is not suffi- 
cient to ‘establish corrections of general validity for the application of the 
elementary theory. ‘However, by and large, it is to show that the 


basic phenomena are predictable f ‘from the theory. Only minor corrections 
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under the shock-wave fronts. Further experimentation is to be toward 
a systematic coverage of these influences. We The limited aims 0 aims of the — 
paper may be summarized under the following points: 


behavior of a typical channel contraction composed of circular arcs 
was explored experimentally for a wide range e of Froude numbers; - 

2. The flow conditions ieee from the thoery were compared to ex- 
-s On the basis of these results the e physical requirements of channel — 
-tractions for supercritical flow ian defined as distinct from those for sub- 


critical flow; 


4, A basic design form was developed for supercritical flow conditions to 
reduce wave heights and disturbances in the e downstream channel; a and 
- . Typical contractions designed with straight converging walls were tested 


nd found to conform essentially to . the requirements, a 


ao ‘Iti is thus established that channel contractions for supercritical flow c can 


be designed specifically to avoid excessive standing wave heights by proper 
choice of both deflection angles a and length for given reductions in width. 
Straight- -wall contractions are normally superior to curved-wall contractions, 
as long as the channel bottom is level crosswise ‘and of constant slope in the 7 
direction of flow. w. Warping « of the bottom and large changes in longitudinal — 
slope have ‘not been included in this paper, _ although improvements in ‘the 
standing wave patterns ns can be : attained experimentally by such methods. 
_ Additional experimental work and an extension of the theory are needed to 
cover these phases of st supercritical flow in channel contractions. ; 


“Much of t the work reported i in this paper was done by graduate 


students in the hydraulics laboratories of Lehigh University and of the Massa- 

chusetts Institute of ‘Technology. Their contributions are acknowledged by 
extensive reference to their theses submitted to the two institutions for ad- 

- - vanced degrees. It remains to express grateful appreciation for the extensive 
_ assistance ‘received from the respective. laboratory staffs on tl the construction of 


the equipment and | during the performance « of the experimental work. > 
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PANSIONS 


AND EN- You = 


; 


Following a an introductory «a flow i in 


ings: (1) ‘configuration at expensions; (2) curvature root 
expanding» and (3) elimination of disturbances at the end | of 
transitions. The extent of the agreement between elementary wave theory — 
and experimental n measurement i is shown, and the results 2 are presented i in the 


form « of generalized diagrams convenient for rapid exploration and prelim- 


INTRODUCT ON 
In the design of hydraulic structures it is often necessary to provide forthe 
| lateral expansion of flow emerging at high velocity from a closed conduit, sluice 


toot rapidly, the major part of the flow will fail to follow the boundaries; if the 
divergence i is too gradual, on the other hand, waste of structural material will 
- result; and, finally, if local disturbances are produced by incorrect boundary 
form, either at these points o or farther downstream the walls may fail to confine 


| the flow. 7 Any ‘particular problem ¢ of this mem, to be sure, may be subjected 
necessarily to ‘the specific model form. ine exact aed general ana analytic 
~ solution, unfortunately, is still a matter for the future, and may be ‘approached 
only through application of sound physical principles as discussed in the first 


Symposium paper. However, a step i in this direction has been ‘made in the 


gate, spillway, o or ‘steep chute. if such a transition section is made to diverge 7 


development of reasonably genera relationships among the several major 
variables involved, by: means of which an approximate solution may be _ 
tained for a great range of boundary conditions. 
_ Ast in other problems of of steady flow in an open en channel of of nonuniform ‘cross — - 
section, the variation in velocity and | depth through a channel « expansion will 
depend on the geometry of the channel boundaries, the rate of flow, and the 
fluid properties. Under boundary geometry must | be considered the form of 
the channel walls, the slope and form of the floor, a: and the surface roughness of 
‘floor and walls. In a strict sense, under fluid properties one should consider 


“the « density, specific weight, viscosity, and surface tension; except in small 
= however, or under conditions in which es shear is of particular 
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‘moment, both surface tension and viscosity are of very minor importance, and 


the two remaining properties then reduce to t to their ratio y/p = g, the gravita- — 


If these: different independent variables are combined by the II-theorem * 


“ratios will be obtained as are ‘necessary to describe the ‘ehatiee geometrical | 
proportions of the together with a parameter of the Froude 


type. 


— Vi is s the mean an velocity and hi is is the mean depth of the approaching flow. ; 


en velocity distribution will | depend solely upon the magnitude of the 
_ Froude number. | As in all ¢ cases s of open-channel flow, the critical magnitude 


depth then being greater | than the ited, a a gradual enlargement of the a 7 
section will result in a gradual i increase in mean surface elevation and a cor- 
“responding reduction in mean velocity. For Froude numbers greater than 
- 7 unity, the depth then being less than the critical, the same gradual enlargement 

of the c cross section will result i in a gradual reduction i in mean surface elevation 
and a corresponding i increase in mean velocity. ever, only if the e divergent 
boundaries are continuous planes (which is physically impossible if the 
tion is to begin. and end with other than zero and infinite cross-sectional areas) 
will the depth of flow and the magnitude of ‘the velocity be constant over any — 
normal section. In other r words, at tl the he beginning and at the en end of the transi 
tion the local curvature « or angularity of | the walls and floor will produce dis- 
turbances which make it impossible to handle such a problem satisfactorily | 
on the elementary basis of mean velocity and mean depth. — “For Froude — 
_ numbers less than unity (which are not the concern of the present paper), the 
- boundary may | be designed and the flow pattern may be evaluated in much the — 


same manner as for the corresponding transition in a » closed conduit. On the 


other hand, for Froude numbers greater than unity, the problem of design = 


er 
and the boundary form; ay through determination of the os effect 


of all such “waves may the depth and velocity at at e each and every point be 
predicted. 
As has been described in the first Symposium paper, there is at hand 
a graphical method which h permits the di irect_ construction of streamlines, 
“fsovels,” and water- surface contours for any boundary form, provided t that 
(1) The channel walls are vertical and the floor is horizontal, (2) the energy 


__29**Fluid Mechanics for Hydraulic Engineers,” by Hunter Rouse, McGraw-Hill Book Co., 
York, N. Y., 1938, pp. 13-18. 
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distributed. These provisions ‘may at first glance appear decidedly 
restrictive, but they become less 80 as they are considered individually. Ver- 
tical channel walls are common; - indeed, sloping walls are generally | to be 
avoided i in nouniform high-velocity flo flow because of their tendency to exaggerate _ 
surface disturbances. Channel floors are re seldom horizontal, however, and 
the boundary resistance is never completely negligible; on the other hand, 


slight to moderate slopes of either the floor or the total- -head line 


generally 
have an influence which is secondary to that of the w wall expansion, and such - 
_ effects are in fact compensative rather than ebilitives. ~ Moreover, only in the 
= case of relatively abrupt cu curvature a at the beginning or the end of the expansion _ 
is the existence of nonhy drostatic zones to be expected, and these may be 
effectively eliminated | by proper easing of the transition | curve. Only — 
factors, in actuality, tend to limit the graphical method in its use for the com- 
plete design of a well-proportioned expansion. _ First, its application | depends © 


upon prior knowledge or assumption of the boundary g geometry, so that deter- — 
mination of the best form of transition involves the tedious pr process of trial and — 
error >. ‘Second, if (as i is usually the case) a hydraulic jump is to form at the 
end of the e expansion, the method offers no clue as to the inherent ‘stabil ity (or a 
ea likely, instability) of the phenomenon. As : a matter of experience, the | 
formation of a jump or standing wave by other than the boundary curvature — 
(for instance, by backwater from 1 a dow! nstream control) n may lead to an asy m- 
metric pattern of flow within the transition which is still w holly | unpredictable. 
‘Since the purpose of this paper is the provision of g general rather than : 
‘specifically detailed infor ‘mation on the behavior of high- velocity flow i in any © 
~ channel expansion and on ‘the preliminary « design of particular” expansion 
ao, primary attention (once the agreement between theory and experi- » + 
ment has been shown 1 to be satisfactory) is focused upon the reduction of all 
experimental data to a few composite diagrams from which the basic details of 
design may be determined. Both the experiments and the generalization of 


_ the experimental results group themselves naturally into three ‘subdivisions of 
problem—first, the characteristics of a high- -velocity jet expanding a a 
| level floor; second, the effects of boundary curvature in the zone of divergence 
and, hero ee, accompanying the r return to uniform flow at the _ 


| ASCE, on The first part of the project, including the 
_Bhoota of equipment, was undertaken as a doctoral dissertation by Mr. 
Bhoota,?° and the second part as a master’s thesis by Mr. Hsu,*! * who then com= 

pleted the investigation as a staff member of the Iowa Institute. = Messrs. C. He 


_,_ 2°“Characteristics of Supercritical Flow at an Abrupt Open-Channel Enlargement,”’ by B. V. Bhoota, 
thesis presented to the State University of lowa, at Iowa City, Iowa, in December, 1942, ‘in n partial fulfilment 
requirements for the degree of Doctor of Philosophy. 


me “Characteristics of Supercritical Flow at a Gradual Open-Channel a ” by En-Yun Hsu, 
thesis presented to the State University of Iowa, at Iowa City, Iowa, in February, 1946, in partial fulfilment 


of the the requirements for for the degree of Master of Science. 
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and M. M. ASCE, assisted phases of the 
analysis. The e entire project w was under the direction of Mr. Rouse. 

7 Essentially. the same equipment (see Fig. 50) was used for all experiments. _ 

Water was supplied from constant- level tanks, through 4-in. lines and 8-in. 

lines containing calibrated elbow meters, to a , peensure tank 2.5 ft in ae 
and 5 ft long. One end of the pressure tank was provided with three inter- 

changeable 1 nozzles 3 yielding rectangular jets 0.4 ft by 0.4 ft, 0.3 ft by 0.6 ft, ,and 

0.25 ft by 1.0 ft in cross section—that is, having width-depth ratios of 1,2, and 

A _ Rates of discharge were such that flow at any Froude number from 1 to 8 | 
could be established. Flush v with the bottom of the nozzle outlet 
a level table, — but adjustable to a — of 


table » was s originally 5 ft w wide am and 8 ft long, and nd was covered with oiled herd-— 


board except for a piastic section with floor piezometers. was later doubled 
in length and paved with finished concrete throughout. A gage carriage 
traveling on steel shafts above the table permitted three- directional movement 
of a point gage or  pitot | tube to any part of the test section. on. Through the 
earlier experiments one edge of the table was alined with the « outer edge of 
each nozzle, a glass wall extending - down the assumed line of symmetry y of the . 
transition for purposes of observation. ‘That such elimination of one half of 


the flow pattern introduced ‘negligible error was shown when the full transitions — 


= Fie. 50.—Scuematic REPRESENTATION or APPARATUS” 
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tt hy and V; represent the depth a mean velocity ¢ of the approaching flow, 
the channel w idth, z and y are the longitudinal and lateral coordinates (mea- : 
sured from the outlet section and the center line, respectively) of a point o of 
depth h, and if no other factors than the acceleration of gravity are assumed — 
to influence the flow, these variables be combined into the following 
dimensionless re relationship: 


h 
hh hy’ hy’ hy’ 
Evidently, the relative depth at any point of the flow should depend upon | the 
relative coordinate location, the relative 1 width of the channel outlet, and the — 
Froude number of the approaching flow. The form of this functional relation-— 
ship, course, cannot be predicted through dimensional considerations, but 


must depend upon on either physical analysis or r experimental measurement. 


Fig. 51.—Patrern or FLow NEAR THE ABRUPT END OF A Cuanne EL Wau 


The elementary wave theory indicates that the flow in n the neighborhood ¢ of 

‘the end of either wall will begin to change in direction only as it passes the first 
“negative wavelet (see Fig. 51), which | lies at the angle B= sin“! ¥ ghi/Vi 

= sin71/F, to the initial flow direction. i. From then on the streamlines may 

be considered to continue deviating through a series of infinitesimal steps, the 

es 

angle of each succeeding wavelet depending upon the local magnitude of the 

continuously changing | ratio of V to’ Vgh— that is, the local Froude number. 

Each wavelet represents, _ in effect, a line of constant depth, s so that proper 

= among the infinite e series « of wavelets will yield the systematic ser series of 


surface contours shown in Fig. 51. 
a If now the zone is investigated i in which the wavelets. from the pane opposite 


| sides of the outlet begin to intersect, it will be seen (Fig. +52) that the resulting 
pattern of interference will yield a ‘rather complex variation in depth and 


velocity (of flow. The s surface contours may again be det determined by a rather 

laborious analysis of e each element of the pattern in accordance | with the ele- 
—— wave theory, but a far more rapid solution may be obtained | by the 


graphical method of characteristics outlined i in the first Symposium paper. 


Three such ‘solutions, for different values « of F,, are » shown i in Fig. 538.0 wn 


of 
— 
age 
ent 
the 
a 
ons 
upt 


-HIGH-VELOCITY FLOW 

The method of characteristics, in effect, reduces the functional relationship 

of Eq. 45 to the form: 


by combining the relative coordinate terms z/h, and y/h with the initial width- 
depth ratio,.b:/hi. _ This entails the inherent assumption of hydrostatic pres- 
sure distribution at all points—that is, the absence of appreciable vertical 
acceleration. — As a matter of fact, at the abrupt end of either channel wall the 
pressure is far from hydrostatically distributed, as the water surface is practi- 


cally vertical in such a zone. The extent to which this lack of fulfilment of 
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<< 

Fig. 52.—Errect or Wave INTERFERENCE FROM OpposiTe SIDE OF CHANNEL 
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or 
a 
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\ 
= 
—— : the assumption causes the actual surface configuration to differ from the 
theoretical evidently depends upon the magnitude of the ratio In wide, 
‘shallow channels the zone of disagreement is of relatively small extent; in 
ee narrow, deep channels, on the other hand, the pressure distribution will be 7 ’ 
markedly nonhydrostatic from wall to wall. 
Inillustrating the variation to be expected, experimentally measured surface 
ee ke : contours for three different width-depth ratios are plotted in Fig. 54 for the 
same Froude numbers as those in Fig. 53. The deviations with b,/hi are 
— appreciable, but nevertheless the variation with the Froude 
. : number. In other words, using an average system of contours in preliminary oP 
3 design is quite in order. Even for the widest channel, however, it will be found e 
that there is also a discrepancy between the measured contours and those 
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obtained by t the > graphical method of This m may be attributed to the 


mee the analysis to provide for any variation of total head due to boundary 
resistance, sin since ce the analytical 
Again, however, the discrepancy is spo in n comparison with either og 
measured or the predicted variation of the flow pattern with F,. 
For purposes of rapid exploration « of the various possible e conditions of flow, ’ 
it would be desirable to combine the Froude number with one or more of the 
other parameters, just as the method of characteristics effectively eliminates 


‘the ratio b;/hi —_ combining the terms x/hy and y/h (compare e Eqs. 45 and 46). 
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—GENERALIZATION OF EXPERIMENTAL Dara FOR Asnurr EXPANSIONS 7 


Sere plot against F, of the location of particular contour intercepts 


along any longitudinal axis (say, the line of each | wall in Fig. 54), made with this 
purpose in mind, indicated that—except at very low Froude numbers—the 
variation in location was essentially a linear function of F;. In other w ords,, 
division of all values of by Fi tos all surface 


bi b 


it, may be shown analytically, this is certainly 1 not a rigorous generalization. 


- However, as will be seen from inspection of Fig. 55, when replotted in this , 
. manner the deviation of the ‘Mean contours taken from Fig. 54 is no not great. 
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Although single average lines on this diagram would evidently 
represent means of means, their ¢ leparture from the contours of tw sll 
Tuns at d different values of Fy and by ‘is considered ‘sufficiently s1 small t 
permit the use of this: diagram am for the preliminary analysis of abrupt expansions 7 


at practically any value of either parameter. 


There is a rule of thumb for the design of divergent ssceainaieas in high 
velocity flow arbitrarily fixes the angle of divergence at = tan™ ¢ 
@ = tan t=} 1 regardless of the depth and the velocity of flow. ‘Asis apparent 
from the foregoing discussion of the expansion of flow without lateral constraint, 

= the angle of dive ergence of any | two neighboring streamlines i is constant neither. 
with the Froude a ‘particular: longitudinal ‘distance nor with the 
longitudinal. distance for a particular I Froude number. At the abrupt beginning | 
of such a uniformly dive rgent section the flow itself cannot abruptly change 

direction, and local separation as well as a concentration of negative wavelets _ 
will result; on the other hand, at a distance dow stream which varies with 1 the” 
Froude number. the flow would naturally diverge n more rapidly, than the con-. 
‘stant boundary angle will permit, thereby producing positive wavelets . Thus, | 
as indicated by either of he cuateue maps of Fig. 56, obtained by the method of 

characteristics, such a divergent. section is invariably inefficient at its beginning > 
(and again before its end) unless the Fr oude number i is so high that recovery 
from the initial zone is not accomplished before the transition ends. .. om 
It is obvious from such reasoning that an efficient: boundary expansion 


| - should display a continuous ¢ change i in curs ature, and should have different 


3 proportions for every Froude number. latter requirement ‘suggests at 
once: that, for purposes of preliminary design, the best form of boundary, as 


Ww well as the resulting su surface — 1; , should be reducible to a generalized 

- diagram such as that of Fig. 55. As a matter of fact, ~*Fig. 55 was initially 

used in the. arbitrary selection hes a number of boundary curves for experimental 

and graphical inve estigation, the | curves” being formulated | algebraically to ; 

approximate streamlines of the unconfined flow which enclosed about 90% 


‘The: equation eventually found to be ‘most satisfactory w: was as of 


‘the f form: 


= is plotted i in Fig. 57, together with surface contours for a mean value ¢ 


i/hy and various values of 


|: ~ As will be noted from this composite plot, the beginning of the transition is 


sufficiently gradual to reduce effects of nonhydrostatic penne distribution to 
a minimum, ‘80 that the factor 6:/h: is no longer an essential variable. The 


gradual i increase in boundary angle, moreover, is sufficient to prevent the for- 


“mation of positive waves—yet not so great as to cause an undue. change in 
" depth across any normal section. In fact, using circular arcs to approxi 
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normaley to the streamlines at successive sections, it will be found that the — ; 
variation in in depth from wall to wall does not exceed 30% | of the center-line 7 
«ili is, of course, possible to reduce such depth variation between wall and - 
center line > by decreasing the rate of flare—that i is, by decreasing the coefficient - 


— 


Valuec of — 


Probable Zone 
of Separation 


_Drrrerent FroupE NuMBERS 


of Eq. 4s. This reduction, however, will result in a longer (and, hence, more 
7 pont expansion ft for a given ratio of initial and final widths. — Although the 


‘Fra. 56. —PATreRNs OF IN A Divercent AT 


BO 


decision as to the ‘greatest permissible depth variation is a matter either of | 


judgment or of outlet requirements, it is believed that the curve shown in Fig. 
55 will provide a satisfactory average basis for design, = . 
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a The several curves reproduced i in Fig. 55 typify the twenty or more which 
were determined experimentally for various Froude numbers and width- depth 
ratios and then checked by the graphical method of characteristics. Although 
a good general agreement was always obtained, the experimental results in- 
variably yielded contours which were displaced downstream a (from 0 to 35%, 


graphical | method to take into account the gradual loss i in total head due to 
boundary resistance, the measurements were repeated on bed ‘slopes - 
varying from 4% to 10%. ‘This, however, resulted in little displacement of of 
contours longitudinal but in a considerable displacement 
that is, toward the center line, because the maximum bed slope was necessarily — 
in the longitudinal direction n rather than in the direction of each individual 


‘streamline. 
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Fra. 57. GENERALIZATION. OF EXPERIMENTAL Data FOR 


From these considerations it appear that the boundary form sur- 

face contours for a level bed, shown in Fig. 57, may -also be considered applicable 

‘to such moderate slopes as are in open-channel design. 

Great slopes, on the other hand, would require a warped bed to prevent the — 

= major part of the flow from tending to follow the direction of maximum slope 

parallel to the center line. At present, the bottom surface can be warped — 
satisfactorily o: only by trial and error at scale. In the latter connection, 
however, it is to be noted that an effort was made to equalize both the surface 


vis Vs 


elevation and the unit rate of flow across all normal se sections by molding the 
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at the walls in exact conformity to the indicated change in surface elevation | 
4 across each normal section. Although full equalization of flow rate and sur- 

- face elevation was not attained, conditions were improved perhaps 50%. 
_ Since application of this method of partial correction requires no further trial-_ 
-and-error experimentation, its consideration is recommended where the added > 

“expense of bottom contouring is warranted. 


_ ELIMINATION OF DisTURBANCES AT THE END OF AN EXPANSION 
: Just as the analysis of supercritical flow of water is closely related to that 
of supersonic flow of gases, an open-channel transition for such flow should 
: satisfy essentially the same general requirements as the test section of a super- — 
sonic wind tunnel—a variation in cross-sectional area such that the velocity 
and depth (or pressure intensity) are evenly distributed across the final section. 


Point of Tangency 


t of Tangency 


x? 


XS OK 


OF AN EXPANSION WITH UNIFORM OUTFLOW FOR 
BY THE METHOD OF CHARACTERISTICS 


4 T 


_ precisely the wall curv the tunnel test section from run to run in accord- 


ance with particular velocities of operation. Nevertheless, the same basic 
_ principles of boundary design could be applied quite generally to the case of 
open-channel expansions were it not for three practical limitations: First, 
7 under many circumstances the Froude number of the flow must be expected — 
to vary over a considerable range; second, the length of transition required for — 


either high Froude numbers or great expansion ratios will frequently be many : 
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: 
For the particular that an expansion 1 Tepresents merely a a desirable 


increase in the width of a . continuously paved channel, | however, the same de- 
sign procedure will yield at least the first approximation to an efficient design 
for a particular. Froude ‘number. As indicated in Fig. 58, the basis of the 
design: technique is the control of wall curvature in such” manner that. the 


the positive w waves formed by successive « elements, « of the subsequent inward os 
curve, so that the flow is restored to complete uniforn mity at the end of the 
transition. , The procedure i is, unfortunately, one of trial and error, and the 
resulting expansion ratio cannot be accurately foretold. A generalized se. series 
of boundary | curves" for successively greater expansion ratic ratios is therefore pre- 
sented i in Fig . 59, as determined by interpolation from a series s of solutions for _ 


various Froude numbers and expansion ratios by the method of character- 


Values of 
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Fie. 59.— —GENERALIZATION or Bounpary CuRVES BY THE METHOD OF 
pa 


istics. _ These ct curves must be regarded merely as guides i in preliminary design, 
for th the following reasons: (1) Since the primary purpose was the the generalization 
of results, each curve represents the : average form of several somewhat different 

curves for different Froude numbers; (2) since the initial outward curve was 


- chosen to yield | without change the greatest practicable expansion range, it is. 


probable that a a somewhat shorter expansion curve | could be devised for a : _ 


particular condition; and (3) since the length of any transition is far in excess 
of that for which the drop in total head could be ignored, the assumption of 
“zero loss in applying the method of characteristics leads to a predicted outlet. 
‘depth which is considerably smaller than that which will actually prevail. 
For example, experiments on several expansions constructed in the laboratory 
- the basis of ‘Fig. 59 r resulted i in outlet depths as much | as from 2C 20% to 40% 
in excess of that indicated by the | simple wave theory, « even though 1 the flow 
was uniform attheexit, 
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‘If, on the other hand, the channel expansion is intended to reduce the 


i number of the flow just prior to the formation of the hydraulic jump, yp 
it will be possible to hold the expansion to the shorter form of Fig. 57. If the Po 
divergent walls are followed by parallel walls with either an 1 abrupt or ora gradual i 


diagonally across the flow at an angle varying s with the local Froude number. 
Such waves would persist a considerable distance down the channel through 
a repeated reflection if no jump were formed. if the toe of the j jump | lies at or 
near the end of the expansion, however, the diagonal wav waves will no longer form. and 
On the other hand, should the jump as a whole advance even slightly i into the 


ae a positive wave will be formed 2 at each wall junction and willextend J = 


expanding se the: smaller depth at each side will result in a progressively 

a greater advancement of the jump along the walls, any slight asymmetry of the - 
Gy divergent f flow "finally giving rise to a deflection of the whole s stream along one — — 
7 wall as the j e jump advances along the other almost to the upstream 1m end of the respo 
7 expansion. The resulting flow will be of an extremely violent nature, and it the f 


_ conceivably lead to rapid failure of the structure from overtopping of cilia 
4 the wall at the juncture or from undercutting — the end of the paved floor. 


Values of 


Ay 


—ALTERN NATE OF THE -Hypraviic AT AN AN ABRUPT Drop 


In seine to stabilize the jump at the end of such an 1 expansion it appears 


: necessary to provide a a drop i in floor level at the beginning of the parallel section. | 
The relative magnitude of the change in elevation should depend primarily upon 


; the Froude number of the flow as it leaves the expanding section. With refer- | 
ence to Fig. 60, it will be seen that the relationship between the Froude number, 
‘the relative change in depth, and the relative size of drop may be determined, : — 


; like the equation of the j jump itself, by the momentum and continuity r relation- Both. 
‘ships. _ There are, however, two different types of jump which may form, de which 


pending upon whether the downstream depth is below or above that which 
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produces the wave indicated by Fig. 60(b). . For the condition o 
Fig. , 60(a), the pressure on the face of the drop will be determined by the up. 


stream depth; for the condition of Fig. 60(c), the ea a will govern. 
The relationships for cases (a) and (c) are as follows: 


F?, 2/ 1)" 2 (49a) 


Curves for Eqs. 49 will be seen in Fig. 61, the right-hand | (or lower) : series cor- : 
responding to Eq. 49a and the left-hand series to Eq. 49c. 7 The critical zone for 


the formation of the standing wave—case (b)—cannot be foretold therefrom, 


Values of | 


61.—ANALYTICAL AND OF THE 
AT AN ABRUPT Drop 


0 
of Fy= 


however, and must be had to experimental measurement. Tests 
both abrupt and sloping drops resulted in the points plotted in the figure, 
which not only verify the approximate analysis but systematic 


trend of the t he i 
e ransition between the two regimes of flow. _ ae 
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determined onc “once the a average "depth 
_ number of the flow at the end of an expansion have | been established. F For 
“4 protection of the structure, the design should be such that at the maximum 
expected Froude number the tailwater depth will be the minimum required to 
produce a jump. _ Figs. 62(a) and 62(6) are photographs of conditions for 


Be ops ratios of 8 and 4, respectively, the details of the expansions following 


Fra. 62 —Cnance 1n Jump CHARACTERISTICS AT A 1:8 EXPANSION During A 30% 


G. 63.— IN| ‘Jump CHARACTERISTICS AT A 1:4 EXPanst 
DECREASE IN THE RaTE OF FLOW” 


— the tailwater depth i is 5 increased beyond the value for minimum jump - 
quirements, the undular regime will first appear (see Fig. 62(0)), followed by ai 
second form of the jump and then by an uneven penetration of the expansion | 
(Fig. _— Ans asymmetric pattern ma may y eventually result, but the presence 
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of ssa drop makes this far less likely than would otherwise be the case. On on 
other hand, if the Froude number i increases beyond the ‘design value, or if the 
-tailwater depth decreases, the jump ap will be carried downstream. ' This 
a nomenon again is rendered less sensitive by the drop; the condition shown in 
o | Fig. 62(a), for example, will prevail during a | 10% change i in tl the downstream 
whereas the three different stages shown in Fig. 62 represent a 30% 
change. — Finally, if the Froude number is decreased, essentially the same 

_ fequence will follow. as for the i increase in tailwater depth (see Figs. 63(b) a and 
0360). . In this event, however, the decrease in discharge will correspond to 


an equivalent decrease i in harmfulness of of the flow, and—although asymmetry | 


‘may eventually for higher flows should 


2. Application of t the e elementary wave wave theory to the analysis of high-velocity 
flow in open-channel expansions may be | expected | to yield results in essential 
agreement with experiment as long as the assumptions involved in the theory 
are approximately satisfied. For purposes of design, however, it is convenient = 
to reduce all measured data for abrupt expansions to a single generalized plot . 
of surface contours as a function of the initial Froude number and the relative 
coordinate location. . A similar ‘procedure for. gradual e expansions permits 


‘selection of an efficient wall form for any initial Froude number and width- 


depth ratio. | To avoid dangerous asymmetry of the flow at the end of such 
an expansion, the hydraulic jump should be stabilized by a drop i in the channel 


floor, the ‘Proper m magnitude of which may be determined by the momentum 
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LIGHT- ‘WEIGHT -PUMICE CONCRETE 


Discussion 


of pumice concrete by the Bureau 


Minton. A. Karp," Jon. ASCE 
¢ Reclamation,” United States Department of the Interior, published in April, ZZ 


1949, indicate | that drying shrinkage 1 is of such magnitude as to warrant careful 
| consideration. High shrinkage values are reported, in one case almost four 


times the amount cited by Mr. Niederhoff. _ This sharp disagreement i in test 


bee is perhaps explained by dissimilar curing conditions, but more probably : 


4 it derives from a difference in the age of the. specimens when the shrinkage _ 
Teading was obtained. 
| ‘This points out a common failing of test reports in that a listing of the condi- 
tions under which the results were obtained is often missing from the report " 
| itself, In this instance, the curing conditions a and the y age of the specimen, both 
of which have. important bearing on the shrinkage, will “remain in the dark” — 
until Mr. Niederhoff (it casts light 1 in that direction j in his s closing 


experience with drying shrinkage i in pumice concrete on the completed job. 
_ There has been considerable discussion, pro and con, concerning the shrinkage 
: behavior of pumice concrete in actual structures, ‘Tl herefore, it would be ex- 
* - tremely | beneficial if Mr. Niederhoff, who no doubt has had invaluable oppor- 7 
. tunities for first-hand observation, were to devote part of his closing discussion _ 
aspect, 


‘Engineers who prop propose to use pumice concrete in future buildings should 
be made aware of the limitations, ‘if of f any ‘consequence, , of this material and 


the special precautions required i in its use. 


Nors.—This paper by A. E. Niederhoff was published in June, 1949, Proceedings, 
a Chf. Engr., Ellis Wing Taylor Archts. and Engrs., Los Angeles, Calif. —— - 


“Tests of Lightweight-Aggregate Concrete Designed for Monolithic Construction,’ by Walter 
Price: and and William Cordon, Journal, A. A.C.L, ‘April, 1949, » PP. 581- ~600. 
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DISCUSSIONS 


‘EFFECT OF DRIVING PILES: SOFT 


LeRoy (CRANDALL 


L. LeRoy Cranpatt,*° Assoc. M. ASCE. —The ‘engineering profession is is 


_ indebted to the authors for obtaining and presenting factual data on this con- 
troversial subject. - Although the writer can think of additional tests and field 
measurements that would have been desirable, he realizes only too well the 


limitations w which time and 1 money place upon the scope of a research project 


in foundation engineering, 
.. ithin the writer’ s professional experience have come a number | of projects: 
on which piles w were driven into soft clays without ill effects. - Although 1 data 
3 necessary to explain the changes i in ‘specific properties of the soft clay, with the 
passing of time, have not been compiled, the very fact of satisfactory | per- 
- formance is evidence, in. some degree. Such | evidence is to be found in the 


following examples, previously « cited in another connection “ by William W. 


Moore, M. ASCE. 


- Example 1. poll foundation investigation of the site of the | Avon Refinery of 
the Tide W ater Associated Oil Company Avon, Calif, resulted in the 
selection of cast-in-place concrete piles for the support of a catalytic cracking 

> unit. The foundation of the unit was 60 ft by 130 ft in plan. and was s required 

tos support a dead load of approximately 8 tons. total of 352 piles, 
spaced approximately 3 ft on centers, was required for a design load of 40 tons 
per pile; the dead load was slightly more than 24 tons per pile. The foundation 
soils were found to be predominantly clays interspersed with strata of fine 
sand. The moisture content of the clays varied from 20% to 30%, and the | 
- dry density ranged between 90 lb per cu ft and 110 lb per cu ft. _ The shearing - 
7 strength of the clay, as determined by direct shear tests on undisturbed d samples, 7 


varied from 640 Ib Per sq f ft to 1,750 Ib per sq 1 ft. rs of = 


D. P, 
a Stanley D. Wi on, and George 
4° Resident Partner, Dames & Moore, Foundation Engrs., Los Angeles, Calif. 
_ 41 Experiences with Predetermining Pile Lengths,” by illiam Moore, Transactions, ASCE, 
114, 1949, p.351. = 
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capacity indicated | that the friction piles could aaa 40-t ton design loa lous if 
driven to a depth of 30 ft with the pile. capsatadepthof5ft. j a 
As had been fully anticipated, the piles failed to achieve a driving iii 
sufficient to indicate a 4 capacity « of 40 tons by a dynamic formula at eo 
depth of penetration. _ The pile driving contractor insisted that the piles 
should be driven to greater depths and refused to accept responsibility if they 
_ were not. In order to disprove the « capacity indicated by the driving coll 
the , piles were § allowed to stand for a few days and driving was again begun. - 
The redriving indicated a formula ‘capacity of 60 tons, whereas the initial 
formula capacity was only 20 tons. Although the contractor still was un-— 
conv inced, the owner accepted the recommendations based [upon the foundation y 
investigation without re requiring the : performance of s substantiating load tests. s. 
“Some heaving of the ground surface was observed, but there was no cee 
‘to ‘indicate that the soil settled under ar its own w weight due to remolding. — ‘The 
settlements of the completed structure have been extremely small. Although | 
no special studies were made to evaluate the effects of the pile driving on the 
strengths of the clays, such effects in this case must have been negligible or or else 
the clays regained their full strength within a very short period. | _ ‘It may be - 
reasoned that remolding of the clays caused the low driving resistance initially 
observed, a and that the clays ; substantially r regained their strength . by the time 
driving was recommenced. However, it is the writer’s belief that the increase 
in re resistance was caused by the dissipation of excess hydrostatic pore pressures 
developed i in the clay during driving. It seems reasonable to assume that such 7 
excess pressures | would be dissipated, at least adjacent tot the pile, more 


Example 2.—Pre-cast concrete piles deriving their support in i iction from 
moderately firm clays were used to si support a reinforced concrete pier at. a ’ 
| shipyard in Richmond, Calif. foundation investigation disclosed that the 
moisture content of the clay ranged from 28% to 69% “and the « dry density 
- varied from 60 lb per cu ft to 97 ft lb per cu ft. 2 Direct shear tests on un- 
_ disturbed samples gave shearing strengths of from 640 lb per sq ft to 1,910 wa 
Ib per sq ft. _ Tongue-and- -grove sheet piles, 18 in. by 24 i in., were computed _ 
to have a a capacity o of 90 tons when driven 25 eae the ened of the 1e bottom | - 


of the bay, 


On this project, a test was performed to check the vertical load supporting 

_ capacity of a typical single sheet pile used | as a bearing pile. The results of 
the load test fully confirmed the capacity ‘computed from the tests on un- 

_ disturbed 1 samples. _ If by remolding of the clay s severe weakening had occurred, 
itis difficult to imagine that the supporting c capacity. of the pile would not have 
been considerably less than the computed capacity. 3 he driving resistances 
gain: yielded formula capacities which were generally much h less than the static 
capacity y of the piles. © ‘The settlements of the completed pier have not exceeded 
as the amounts computed f for the clays i in an undisturbed state. 


oa _ Example 3. —Another case in point is a pile loading test made at California 
Point on San Francisco Bay. The foundation investigation disclosed the soils. 
to be soft, clayey b bay iaeiaaees having high moisture contents, low densities, 
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ALL ON SOFT CLA’ 
and low | shearing strengths. The pre-c pre-cast concrete piles w were computed to 
have a supporting capacity | of 42 tons for a penetration 0 of 60 ft into the soft -_ 
clay, the surface of which was 30 ft below water level. “Tar a 


A ‘test p pile was installed and penetrated the fi full 60 ft under its own en 
and the weight of the hammer; r not a a single blow of the hammer was required. 
The load test, which was begun 13 days a after driving ,, confirmed th the computed 
capacity as durian’ from the tests on ‘endieterbed samples, in spite of the 

el negligible resistance developed in placing the pile. It seems that any serious 
— loss oss of strength by remolding of these extremely soft clays would certainly 


have seriously reduced the of the pile. 


_ in accordance with the findings of the authors 3. Ther results obtained on these 

- projects support one of two theories—(1) der the remolding of the soft clay 

_ by a driven pile is not nearly so extreme as the remolding observed in the 

= r (2) the strength of the remolded soft clay recovers 80 tapidly 


"projects, as well as on a number of other projects which w were e not ; discussed, 2 are | 


of laboratory tests on undisturbed samples. it may be that for some clays 
us use of driven piling will prove detrimental, but it is believed that the 
; occurrence e of such conditions is the exception rather than the general rule. a stat 
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AROUND. BENDS IN AN OPEN -FLUME 


Discussion 


GILBERT Ww. OUTLAND, AND EDWARD SILBERMAN 
AND ALVIN G. ANDERSON” 


a bend is tend upon motion with the on energy con- 
stant across a radial section and with the pressure gradient or depth varying 


inversely as the radius of curvature. That these assumptions lead to Eqs. lla 


j The assumption that, the pressure gradient or depth varies inversely as the 


ae 
radius of curvature may be written as 


2. 


| For thea assumption of 


with to r, 
Ve doe 


oar 


substituting the value of CP trom Eq. 22, 


of 


Notre.—This paper by Ahmed Shukry was Sublished in June, 1949, Proceedings. 
2 Asst. Chf. Design Engr., Los Angeles County Flood Control Dist., Los Angeles, Calif. ° 
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ducing Eqs. 17, the 
al These equations are 
a i _ based upon free-vortex motion with the assumption that the velocity is constant a 
| across radial section in the bend. In addition, it is also generally assumed 
| 
| 

| 
— 
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27 is identical with Eq. ‘lla. . Iti is seen therefore that the foregoing 
assumptions lead the that the velocity varies inversely as the radius 


The value of va given in 2 Es. lle or or r 27, substituted into Eq. 22 ‘yields 


from which 


a) 
Since C is constant across any section, its value can be obtained from Eqs. 


. ‘lla or 27 provided - that the velocity and i its corresponding radius at some point: 


are known. In practice these values are e usually taken at the center line of the | 
1 channel immediately upstream from the bend. | 
ifie 


_ Iti is sometimes convenient to plot the w: vater- surface curve using the speci 
energy grade line across a radial line as a base. . Since the change 1 in depth of 


ow ater is equal to the change i in n velocity head, Eq. 28 may be rewritten as follows: = 


he 


(33) 


_ The pos sition of the specific ‘energy grade line may be determined from a 
known depth and velocity head, after Ww hich the values of h, for various values — 
ofr may be plotted downward from the specific energy | line. - 
‘Par ticular attention should be directed to paragraph (5) under the heading, 

ear Conclusions,” in which it is stated that the theoretical aevumptions 
hold only as long as the depth o of flow does not fall: below critical. It should 
be added that the theoretical a assumptions will still be valid for a ado of flow 


below the critical, provided that suitable spiral or easement curves are placed 


EDWARD SILBERMAN? AND ALVIN G. ANDERSON, Assoc. MEMBERS, 


ASCE. —The Saint ‘Anthony Falls. Hydraulic Laboratory Minneapolis, 


7 % 2 Asst. Prof., Saint Anthony Falls Hydr. Laboratory, Univ. of Minnesota, Minneapolis, Minn. — 


8 Instr., Falls Hydr. Laboratory, Univ. of Minnesota, Minneapolis, Minn. 7 
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-Minn., has made some studies of flow through radius bends , particularly . 
closed ducts. The studies have been both bibliographical* and experimental® 
have been partly summarized in a bulletin of the laboratory. The 
findings are in agreement with those of the author. Actually, the 


parameters a are much the same in closed open bends. 
There are two additional parameters that should be included in Eq. ae 
a parameter describing the flow a 7 


Froude number type, OR introduce the effect of the free surface on the 


side or outside of the bend) is quite ‘important i in ‘determining h head loss in 
bends. ‘It is reasonable to assume that it is also important in 
bends. Not wie the velocity distribution but also the lateral currents in the a 
A approaching flow are important. An approaching spiral may either enhance 7 
etard the normal development of a spiral in a bend. To obtain a truly 


or r 
| quantitative understanding \ of the parameters studied in this paper, it is be-— 
| 

ev 


ed that a uniform, 1 nonspiraling approach flow s should | have been provided 
n though such a flow may not exist naturally. 


q Theoretically, the Froude number of the flow sk ould be considered as a a 


factor in the e development o of spiral ‘currents. — Its seems unlikely that the char- 


ac cter of the secondary currents: would be similar, for a constant | Reynolds 
number, if the Froude number were near the energy critical or if it were well 
below the critical or well above the critical. Most experiments on the flow i in 
| |} open channel bends have been conducted with the flow either definitely sub- 

critical | or r definitely ‘supercritical. To separate the influence of the 
number from that of the Reynolds. number would r require -experiments in chan- 
» nels of of many different siz sizes, including those used in practice or a wide variation 


‘of the: kinematic viscosity a single channel. However, since the spiral 

- currents are essentially a a frictional phenomenon, there is reason to expect that 
for Froude numbers well below the critical the development of the spiral cur- 

4 rents would be: more or less independent of the Froude number. In so far as the 


spiral currents can be considered independent of the Froude number ie 


the flow is definitely subcritical, their development will be analogous to the 


| development of spiral | currents in bends in | closed conduits. To this extent 


; the results of the more numerous experiments on the flow i in conduit bends: 
will aid materially” in understanding the similar flow ph nomena in open 
» 


author 


‘spiral, perhaps purposely. + Neverthless, a knowledge of these factors is im- 


~ me ‘Fluid Flow Diversion: A Summary and Bibliography « of Literature,” by. Alvin G. . Anderson, P roject 
Report No. 1, Saint Anthony Falls Hydr. Laboratory, Univ. of Minnesota, Minneapolis, Minn., August, 1947, 


_  %**The Nature of Flow in an Elbow,” by Edward Silberman, Project Report No. 5, Saint Anthony = 
Falls Hydr. Laboratory, Univ. of Minnesota, Minneapolis, Minn., December, 1947. Ps ioe 
Hydraulics of Conduit Bends,” by Alvin G. Anderson, Bulletin No. 1, Saint Anthony Falls 
Laboratory, Univ. of Minnesota, Minneapolis, Minn., December, 1948. = 


_-:1 "Blow of Water Through 6-Inch Pipe Bends,” by D. L. Yarnell, Technical al Bulletin } No. 577, U.S.D. a 


1as not discussed the physical factors producing the = 
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portant of the flow. An explanation by Mr. 


Silberman in 1947 is supported by data from closed bends,? * but the data pre- 
sented i in Fig. 8 also fit the explanation if allowance i is made f for the approaching 


spiral. | The spiral flow begins as a lateral boundary current near the point 


_ where streamline curvature begins and at the bottom, inside corner of the 


channel. The lateral current forms asa result of f pressure differences er created 
- between the bulk of the fluid, w which tends to be rapidly accelerated near the eC 


TH 


- inside wall i in in accordance with a potential flow: pattern, and the fluid hear t the @ - 
bottom boundary which is retarded by wall friction. Initially, the lateral 

; current is along the inside wall away from the bottom, and along the bottom qT sala 
~ toward the inside wall. These currents are recognizable in in Fi Fig. 8(b). Lateral é 
currents are generated at the bottom, inside corner as long « as the streamlines. = 
continue to curve with the bend. _ At first, the lateral currents are confined to — | 

a thin boundary layer and are very intense i in that layer. Ina 90° closed | + 

with r-/b = 2, the intense lateral currents were confined to a thickness of less aa 

_ 7 than b/12 for the first 45° of the bend. — 


Downstream from the inception lateral currents spread 
along the bottom and up the inside wall by the requirements of continuity. - 
 Brentualy, motion toward the inside can be detected along the entire bottom — 
boundary; but along the inside wall motion toward the top p is limited to a 

es equal to about two channel breadths, no matter how deep the water. 
These lateral boundary y motions are diffused to the interior r by viscous ac action 
4 so that the internal fluid is gradually given a rotary motion which, in combina- 


tion with the through flow, produces th the spiral. iD With uniform approach condi- 


tions, the lateral currents are always” most intense n near the inside wall where 

‘they a: are generated and least intense near the _—e_—_«, 
among others, calls attention to this characteristic. 


ch: 


‘The flow toward the surface near the inside wall finally results in a _— = 

F flow to the interior near the surface and this, in t turn, _ contributes toward a | EL ee 

separation effect at the surface at the inside. wall. Wk here the lateral currents 
have not yet penetrated, the flow is. nearly potential. Frank L. 


oe the latter point in a very deep bend (large ya/b) of 300° rll 


= the tendency may also be seen in Figs. 8(c) and 8(d). a 


Under the foregoing : assumed conditions of ut uniform, nonspiraling, approach 
flow, there is a single spiral flow in an open bend. In order that the spiral 


ie may become uniform, however, the bend curvature would have to. 
continue farther than i in any practical bend—probably through | more than : a 
full circle for most values of the parameters y4/b and r-/b. . 


The dip in the energy diagram near the beginning of f the bend (Fig. 9, curve 


pod 


— 


tio 

- 4) may be explained by the initial formation of the lateral currents. — At 4 oe 

re 

these currents : are so close to the boundary that they a are not included in as. _* 

measurements, and there is an apparent loss of energy. more lateral 

currents a are generated along the bend, > the « original currents are diffused to the ‘oe 

‘interior s and are included in the measurements; thus, the apparent loss of energy a me 
q 

**Nebenstrémungen in gekriimmten Kanilen,” by A. Hinderks, Zeitschrift, Vereines Deutscher 

—% ‘A Study of the Effect of Curvature on Fully Developed Turbulent Flow,’ by Frank L. Wattendorf. of ; 

Royal Soc. of London, Vol. 148, Series A, 1935, pp. 565-598. 
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is not so great. Actually, energy is being lost continually as the lateral cur- cur-— 
Tents are damped by viscosity. energy content of the lateral currents 


‘near the boundary i is quite large and a very large part of this energy is lost i inv 
viscous action. — The energy loss from this cause is a major part of the hen nd 


loss, especially w when thi the parameter r./b is not too small. The second dip in the 


energy diagram, beyond the bend, 1 might be attributed to form loss (vortices 
resulting from separation of the flow). . The magnitude of this loss should de- 


pend principally on the parameter r-/b. (The author’s statement (under the 
a heading, empe Conclusions,” paragraph (2)) to the effect that the additional 


downstream the bend is not understood | by the writers. If 


oy 4/b is large ena spat so that the lateral currents occupy only a relatively small 


bend is eel, the bend loss scarcely exists as shown by Mr. 


The author’s method of expressing spiral strength is novel and appears to 
be satisfactory as a basis of comparison, even though the total energy in the 
_ lateral currents is not being 1 measured. — One of the writers tried, unsuccessfully, 


to obtain ‘a quantitative basis of comparison and appreciates the author’s con- _ 

tribution toward this problem. When time permits, the author’s method will 

be applied to the writer’s data® in an attempt to correlate spiral strength and 
bend loss. (A ‘complete ‘study would have to consider the effect of separation 


loss as well as as spiral strength. ov 


—Itis suggested that the data presented i in Fig. 11 might have been extended 


a smaller values of the parameter y4/b (which would have required a larger 


because of number effects). By comparison with closed 


spiral currents very intense at smaller values of idea of 
_ the spiral ear and associated energy loss at these smaller values would 
On the other hand, as -ya/b becomes large, the spiral strength 
should approach zero asymptotically.’ trends shown in in ‘Fig. 11 may be 


predicted qualitatively on the basis of the foregoing explanations | of ‘spiral 
“origin. In addition to the effects shown, increasing Toughness would be 


accompanied | by ‘more pronounced boundary retardation, stronger lateral 


currents, and a stronger spiral at the end of the bend. ea 


Iti is believed that the ‘spiral strengths shown in Fig. ll and the bend energy 


somata: the bend. Had the approaching spiral been in the opposite direc- 
tion, the values would have been too large. The trends of the curves, however, : 


are undoubtedly correct. Furthermore, the distance downstream from the 
bend at which the flow returned to its “pre-bend”” characteristics has probably 
been reduced by the approaching spiral. 7 Normally, a distance of of twenty “4 


more channel breadths should be required | but only about eight we were needed 


The author’s experiments were performed i din a channel with a single degree 
of roughness; consequently, the roughness p parameter, R/n,, i in Eq. 2 remains a 


3 - constant and has no influence on the results. — A discussion of the effect. of | 
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relative ‘roughness on the coefficient of resistance of a bend in a closed conduit © 
- vill throw some light on 1 the influence of relative roughness i in . the op open chan- 


melbend, 
Hilding Beij®* has has suggested that the the relative roughness k/r for for ‘conduits: 


might be estimated from 


in Ww hich fu ist the friction coefficient of ‘the straigh pipe of the same character 
_ as the bend. _ Ay study?6 ‘of the published literature indicates that, for the re region 
where the coefficient of bend resistance was independent of the Reynolds: 

7 ; number, the coefficient of bend resistance « could be expressed as a linear func 
tion of the relative roughness for each value” of relative radius. For those 
bends for which the value of f. and the ‘Reynolds number indicated that — 

bend was hydrodynamically smooth, the relative roughness ° was assumed to 
zero. this method the measured coefficient of bend resistance could 
“corrected and much of the scatter of points ‘Telating the coefficient to the rela- 


_ tive radius was eliminated. For values « of ‘relative radius between 6 and 10, 


relative the “coefficient of bend resistance in this 
region. . One might expect that for low Froude numbers the effect of roughness 
on the open bend | resistance would be similar, 


7 m- The author should be ‘complimented on on the use of the p pitot sphere to deline- 
ate the complex fi flow pattern in a bend. _ However, it should be borne in mind 
that, when it is used near the boundary, it must be somew hat limited by , wall 
effects. For ‘measurements in 1 this region the pitot cylinder might be more 
satisfactory for measuring the intense lateral currents. The latter instrument, 


together with yarns, dye bubbles, and we wall ‘coatings, was used in the 1947 


29**Pressure Losses for Fluid Flow in 90° Pipe Bends,” 
Bureau of Standards, Washington, D. C., Vol. 21, 1938, p. 1. 
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E. P, Poroy,® As 
Porov,™ As "Assoc. M. AS 


an paper ° Mr. justified the use of the 
‘modulus method for columns, theoretically. . He showed that the bending of a 
_ column begins at the tangent-modulus load and that the consideration of : a 
4 single critical section is sufficient to predict the capacity of a member. be In this 
paper several graphs showing the ‘agreement between this th- cory and tests are 


cited as supporting evidence justification of theory. However, 


_ ‘Fig. 21% shows the Tesults of a series of tests on spirally reinforced concrete 
: columns, i in which , p, the radius of gyration, is based on a transformed concrete 


section, and an average load- strain curve for a short column has been used to 


determine the tangent- modulus and reduced- modulus column curves. ‘The 
- agreement thus found is truly remarkable; and, although ‘relatively few tests 
have been made on slender co concrete columns, FE. Richart an and J. O. Draffin, 
Members, ASCE, T. A. Olson, and R. H. Heitman,® Assoc. M. _ ASCE, venture 


the following conclusion:* 


aD appears from the procedure followed that the strength of | any long 


- slender ‘spiral column may be estimated from the properties of a short 


column of similar materials and of reinforcement.” 


tangent-modulus is the material is stable with 


~ Nore. —This paper by F. R. Shanley was published in June, 1949, Proceedings. Discussion on this 
paper has Proceedings, as follows: 1949, by R. Osgood, and J. V. du Plessis; 


October, 1949, by Jacob Karol, 
Associate Prof. of Civ. Eng. , Univ. of California, Berkeley, Calif. 
“Inelastic Column Theory,” by F. R. Shanley, Journal of the Aeronautical May, 1947, 


7 ne "The Effect of Eccentric Loading, Protective Shells, Slenderness Ratios, and Other Variables in 
Concrete Columns,”’ by F. E. Richart, J. O. Draffin, T. A. Olson, and R. H. Heitman, Bulletin 


No. 868, Univ. of Illinois Eng. Experiment Station, Urbana, IIL, November, 1947, p. 103. 
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E. P. Popov, AND JACK R. BENJAMIN 
cellent comprehensive treatment 
7 of y lias in this paper. Em hasis on the 
| 

2 

— 
> 

j 

— 


substantially lower the c carrying a column. The generalized ‘Baler 
equation is a criterion of column strengths for loads of short duration and for 


materials that do not creep. 


‘| 


; Values of Stress, in Kips per Square Inch 7 


Values es of Sk Siendemes s Ratio, — 
21. or Lona REINFORCED Concrete 
7 (Average Over-All Diameter of Columns, 12.40 In.; Average Core Diameter, 12. 15 ins 


and Maximum Length _ 
— 


Th nt with the general | ‘conclusions reached by the 
4 author; but one 1e of th the basic assumptions m made i in the he paper should | be clearly 
= in mind, as it is significant. After justifying the use of the tangent 


stemming the p paper by We and William R. Osgood, 3M. “ASCE, 
is introduced by Mr. Shanley. _ This expression for the tangent modulus (Eq. 6) 
is obtained from Kq. 5 by differentiation. _ The latter expression v with | proper 
parameters is supposedly capable of representing, reasonably well, the stress- 
strain curve for any material in compression. _ Unfortunately, ordinary steel 
“(which hardens after | some yielding strain) cannot be represented a accurately | by — 
‘Eq. 6, in that particular form. Y As may be noted from Fig. 7, none e of the non- — 
dimensional stress-strain curves resemble | the entire range for an ordinary st steel. 
Perhaps there : are other cases in which a mathematical three-parameter ex: 


“pression for a stress-strain diagram is not adequate. Moreover, the author 


does s not actually use these curves but goes even further and works with the 
tangents to such curves. Also, he calls attention to the : shape of the knee © 


i ee by n) of the stress-strain diagram as having a rela 


‘moduli considerably, i in an important zone. 


“Description of Stress-Strain Curves by Three Parameters,”” by W. Ramberg William R. Osgood, 
_ Technical Note No. 902, National Advisory Committee for Aeronautics, Washington, D. C., July, 1943. 
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_ Messrs. Ramberg and Osgood 8 13 show 
cmiiaail tangent moduli is found for several materials whose c curves ; may 


be represented by a small value of parameter n. . Insuch cases the value of an 
was always less than 20 | and the knees of the corresponding stress-strain dia- 
grams were ‘not sharp. - On the other hand, for the 1025 carbon steel which 


|: was also investigated, n is greater than 50 and a considerable discrepancy is in- a 


dicated by the original data betw een computed and actual tangent moduli. 
Toa large extent Mr. Shanley’s argument rests on the adequacy of the empirical ' 
“ ebraic relation selected (Eq. 6), and it may not be fully adequate. See 
= the w writer wishes to comment on the term ‘ ‘short column” ’ which 
be criticized in Section 2. Ww hat the author refers to as “short- column” range 
is usually termed the -_“Gntermediate” *5 range. The ter m “short ; column” 
_ generally i is reserved for still shorter ‘compression blocks. In the latter case the 
ig is determined not by the instability phenomenon of an inelastic column 


but by an allowable: deformation. _ Hence, retention of the term ‘ ‘short column” 


for this shortest range seems ‘desirable to emphasize the transition point i 


column lengths from one kind of action to another. Se ae 
> - The Senaten vent by Mr. Shanley reg: regarding the end restraint is | worthy of 
emphasis and repetition as it t is not fully appreciated by some engineers. — ~—< 
_ development of interaction curves for combined bending and compression of - 
‘members suggested by the author deserves further study. It is a practical 
expedient f for accurate design o of columns with any load eccentricity, although 
a large number of tests are necessary to establish such ¢ curves. 

_ The foregoing remarks ar are not to be construed as detracting from the over- _ 
all, excellence of the paper. Even a single feature of the paper, such as the 


‘use of nondimensional forms for ‘column formulas, is a valuable a addition to 7 


| 
engineering literature on columns. For completeness, in his concluding 


= remarks, the author should comment on the limitation of the tangent-modulus 
ly column formula which oceurs when E; = 0; it even has. a | negative e slope as i as in 
the. case of an ordinary steel where it does not apply. 


Jack R. Bensamin,** Assoc. M. ASCE— —The st statement that the theo- 
- retical load at which bending o of a perfect column begins is the upper linait for 


- structural design leaves much to be desired. The design problem i is not con- 
a cerned basically with the upper limit for a theoretical column, but with the 

design load | on an actual ina structure. ‘The distance 


in ‘material and initial erookedness. 7 These are items. over - which the » designer 


| ae ‘control other than to o set a limit for each. Eccentric load application 
ine always. occurs and the eccentricity is normally variable about both principal 


axes. ‘The end conditions i in the usual ‘structural, column may be subject to 


analysis, but more often are not. * 


% ‘*Mechanics of Materials,” by | Laurs 
N. Y., 1947, 2d Ed., p. 233. © 
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BENJAMIN ON COLUMNS Discussions 
Taking the theoretical load at which a of a perfect column begins 


as the upper limit for structural ‘design and then modifying this limit i in de- 
ng may be satisfactory for aircraft work, but it does under. 


design ‘criteria The e normal criterion her civil engineering 
tures is to consider the upper limit of column strength to be reached when the - 
unit stress at any point in the primary column material reaches the yield point. 
or In recent ye ; years, the other criterion of ultimate strength has been | given much 
attention. How ever, no matter how the design i is made, under normal working 
- Toads the stresses are within the elastic limit and the column acts s elastically. 
If the column is a part of a complex structure, as most columns are, the load on 
q the > structure which will cause failure of any | single column i is very difficult to 
determine. if the yield point criterion is u used, an approximation. can be 
made, but if ultimate collapse is the basis, only | a pure guess is possible. © - The 
s structural designer must first consider t the stresses i in the column under working 7 
4 loads with some arbitrary limit set by code or specification \ which will determine 7 
the factor of safety. If superposition n applies to the e system, the | factor of ‘safety 
thus found is reasonable. — 7 However, when ultimate strength is the basis of 
- design, a radical change in approach must be made by comparing the column in 
the structure w vith an isolated theoretical column in only a simplified mathe- : 
matical structure at best. - If the two can be compared a at all, ‘it can be only a an 
arbitrary guess, pure and 
7 ba. The tests of structural columns reported i in the literature are open to the 
same kind of arbitrary decision ¢ as are designs by ultimate strengths. _ _ First, 
the experimental e end conditions are unknown. ne Testing with flat. ends ds certainly 
results in semielastic supports and the action of the column i ” not - completely 
- determined in either the elastic range or the ‘plastic range. To accept test 
data with flat ends as a basis for design requires considerable imagination. 
~The p pin- ~ended testing is scarcely better since true pin n ends are not obtained 
_ mechanically, and very small eccentricities can produce large stresses. _ Thus, 1 
_ tests of columns leave gaps in both experiment | and d application, the latter being — 


virtually unbridged except by arbitrary opinion. 


Phe design of columns in the elastic | range by the secant formula i is ‘subject 


to question. #&F irst, , only r. rarely are eccentricities constant throughout a a column 
length. Eccentricities vary normally and exist about. both principal axes. 


The further use ‘of positive eccentricities combined | with a reduced length 
4 coefficient based on a negative eccentricity places it in the same category with 


parabolic and other empirical formulas. 
. The writer does not understand why eccentricity an and end rest restraint are 
considered separately. End restraint is often the cause of eccentricity and 
then the two are inseparable. a same basic error contained in the ‘secant 


formula is made in the paper. The idea of end restraint producing a reduced — 
length i is incompatible with eccentricities. _ Furthermore, eccentricities 


are not t normally constant and occur about both principal a axes, Uho 


an ae. 


The | paper was found most challenging; it is a valuable contribution to the 


| A 
— 
A 
— 
cor 
q 
| 
7 
Roug 
von ] 
Blasi 
—— 
flow 
4 a Ww 
‘ 
1949, 
Willig 
— 


.M RICAN SOCIETY OF CIVIL ENGINEERS 


5, 1852 
DISCUSSIONS 


AN ENGINEERING CONCEPT OF FLOW IN PIPE 


By TSEN- DING” CHEN, AND PERRY 


Dive Curn® the Reynolds numbers by Eq. 1, 


ion— 


= 2logioR Vfi — 0.8. 


and the Blasius cquation— 


JR0.25 


—reveal that Eq. 1 1 yields consistent The values in Table 
- mined by a a 10-in. slide rule) indicate that Eq. 15b gives smaller values of fif : 


TABLE 6.—Comparison IsON OF REYNoLps } NUMBERS TO 
-Roveuness CorFFICIENTS BY Eqs. 1 15 


tem tems tem tem | Item m 


Roughness coefficient,* fi... . 


Mam, Be. 1.............. 29,000 | 34,400 | 98,500 | 119,000 | 236,000 | 271,000 | 

von Kaérman-Prandtl, Bq. iba 27,200 | 33,900 | 99,200 | 120,000 | 247,000 | 287,000 _ 
He Eq. 156 3, | 30,100 | 35,600 | 95,500 112,000 | 197,000 


a Mr. Harris introduces V; as the c criterion of transition from partly turbulent 

; flow to fully turbulent flow in rough pipes, a few values of V; being given at 

a water” temperature of 55°F. Since fi=h when L D= 1 ft, and dv=1.2 29 
—X10- ~§ ft? per sec (at 55° F), the value of R, may be computed i in two ways— 


_ Norre.—This paper by Charles W. Harris was published in May, 1949, Proceedings. Discussion on > 
this paper has appeared in Proceedings, as follows: September, 1949, by E. L. Harrington; and, October, _ 
1949, by Ralph W. Powell, J. C. Stevens, George A. Whetstone, G. HH. Hickox, and James F. Halsey and 
Research Asst., Saint Anthony dr. Minneapolis, Minn. nn. 
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Eq. 2, or ire or from 


Re = Vi X (16) 
A comparison | of the Reynolds” numbers thus computed is given in Table 7. 
The wide ‘discrepancies 0 of items 7 and 6 (see list preceding “Concluding Re- 
marks”) may lead to the necessity of further detailed of the difference 
between surface roughness and local losses. 


TABLE. —Rernops Numpers C CoRRESPONDING To FuLu 


TurpuLence As Given By Eqs. 2 anp 16. 


Item =fi | Ve (ft per sec) 
6) 
119,000 000 


236,000 233,000 
271,000 


271,000 

The writer appreciates the idea of introducing the well-established pipe flow 
formula _ to the open- -channel flow field. The dimensional inadequacy o' of the 
existing open-channel formulas causes much trouble in dimensional analys sis. 
and model laws. © _ The Manning n, the Chezy C, and the coefficients used in 
“the Ganguillet- Kutter formulas are e not dimensionless factors. The 


dimensions of | Manning’ sn and Chezy’ are, respectively, 


= [LT “x (Fl. 


rational equation involving the dimensionless friction factor Eq. 18 
applies to laminar flow as well as to turbulent flow; and it can be transformed 
into the famous Poiseuille equation by substituting f = 64/Rand R = V D/v 
The Darch- formula is ready to apply to to the open- n-channel flow 
D/4 and S = he/L. The 


formula) is still s similar to the ‘Chezy formula. 


gravitational accele acceleration g into the expression, thus: 
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November, (1949 PERRY ON FLOW IN PIPES 
The introduction of gravitational acceleration g g into the open-channel iene 
is quite reasonable because the gravitational force is s usually the p predominant 


4 
physical force of flow in open channels. Re 


The used 3 in -channel flow tests obtained d directly 


the model is ‘ “normal, ”R, = = Ly S, = 1s since ce X, = = L,;and 


Eq. 21a changes into 


-(21b) 


If the model is built with the same iets as the prototype and if the s same 
friction factor could be used, then fe = land the equation of V, 


Froude model law as follows: 


| Inanother form, thes scale ratio of time, T,,is 


~ in which, the value o of gr ‘is s always nearly equal to 1. 0. 7 

The Froude law is usually. adopted to design op open- -channel models. ands ane. ) 
correction is provided for viscous force due to change of the Reynolds number 
between prototype and model, because it is practically impossible to satisfy 
both the Froude law and the Reynolds” law at the same time. — _ There is a 

possibility of putting the correction of the Reynolds nur number into the factor 

In establishing a a new rational open-channel formula such as Eq. 19 the 

- determination of values of f depends on a detailed and complete analysis of 

a the existing open- channel. "measurement data; and “systematic experimental 

_-Tesearch i in the laboratory i is also necessary. - 

LYNN Prerry,* M. ASCE.—The modern concept of the resistance to the 

flow of fluids that has been developed during the past quarter of a century is. 
‘revolutionary to some some of the senior members of the | engineering profession. 
Real progress has been made since the first publication of the Hazen-Williams 


tables, 


It is refreshing indeed to read this pepe i in which Mr. Harris has so com- 
_ pletely and so succinctly presented this | subject. His theory i is sound and his 


conclusions are logical. — He is to be commended for stating the current position 


in this extremely progressive science. 
‘It must be remembered that the data which Kutter originally had 1 at | his 
* disposal did not warrent taking into account the slope to compute the constant 
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a cine this ‘refinement, he was influenced by the work of A. A . Humphreys, 
Hon. M. ASCE, and Henry L. Abbot. ‘The elimination of the slope terms will 
give results that correspond more nearly laboratory measurements. The 
ro _ ‘Manning formula, for w hich \ very satisfactory t tables have been published, ¢ cor- 
When plotted, using discharge as the abscissa and loss of head as the ordi- 
nate, the Chezy formula with the Kutter c constants produces : a series of curves” 
— that require | interpolation — to make them continuous and t to prevent inter- 
section. - ‘The Weisbach formula, another form of the same expression, gives 
_ the same result if the factor fis computed from the Kutter C with its varying 
slope” of the hydraulic grade line. The Hazen-Williams formula ‘presents a 
— thereby correcting this error by committing at another one, 
- During a consultation betw een the v writer and the late Rudolph Hering, M. 
_ ASCE, these two formulas were discussed at length. Mr. Hering felt that the 
_ Weisbach formula was dimensionally correct and that until further research | 
brought n more and better values for f it would be well to use a series of perewnd 
based on a review of published measurements. = Admitting the care with which | 
their work was done and the unquestioned integrity of the principals, Mr. 
Hering felt that Gardner S. Williams and Allen Hazen, } “Members, ASCE, must 
have overlooked some concept | which, if taken into account, would have pro 
duced a formula much more in keeping with the dimensional theory as then 
known. In fact, two such concepts were later developed—fluid flow examined 
from "totally different viewpoint and partial turbulence. At that time, 
flowing water was considered either turbulent or nonturbulent. 
Williams for loss of head were made on water flowing both 
4 
-turbulently and partly 'turbulently, aged indiscriminately, and ‘resulted in 
an exponent. which was s difficult to harmonize e with theory or or with former 
measurements. _ The professional - standing of } Messrs. , Williams and Hazen, 


— with the usable { form i in w vhich their conclusions were offered t to - 


public, resulted in broad a acceptance by the senior members of the eng engineering 
profession who were too busy with administrative details to devote much time ; 

— to theory . a. _ After all, a pumping unit is manufactured and t tested to meet the | 
specifications. rather than the r requirements. — ‘If the specifications are in error 
by 10% or 20% or if the requirement changes | during the life of the equipment ; 
(the usual case), the unit will still function even though i it is not entirely 

3 satisfactory. . In many instances, even 1 the use 2 of better judgment in computing | 
the loss of head might not have | 


The first two questions ‘that. Ww vill occur: to the senior "designing engineer are: 
)) How much does the loss of head computed : as as suggested ir in this paper differ 
from that computed by other formulas; and (2) in the event that this rational 
: procedure should be adopted, what what ‘simple and accurate method is s is s suggested — 
for itsuse? 
a An effort to; answer question (1) led to Fig. 20. — Three curves represent 
- wamnes for for f suggested by Mr. Harr Mr. Harris | and the the dashed lines — values 


— 

N 
i 
| 

| 

Ty 

4 

\ 

i 


‘November, (1949 PERRY ON PIPES | 


| 
AT IN EN 


2 #3 


ai \ 


— 


Hazon-Williams 


xs 
Daily 


| 


US 


p=] 
kw 
oF 
= 
o = 
\ 
Ne 


Million Gall 


scharge, in 


Di 


oe xs 


“233 3 


puesnoyy sad SH jo sanjea 


0! 
06 08 1  jj2 8 


| 

= 

- 

d — 


PERRY ON FLOW IN PIPES Discussions 
from the Hazen- Williams tables for C = 90, 100, 130, an and 140 (all fo for a 12-in. © 
ers oe pipe u under turbulent flow with water at 55° F). ‘The Hazen-Williams _ 
a curve for C= 90 intersects that for f = 0. 042 at about 1} 1 mgd and gives — 
slightly higher values for H; for the more probable design of 700, 000 gal per “| 
day or 800, 000 gal per day. curve for f= 0.028 for avenge cast-iron 
pipes in city mains falls between the Hazen- Williams curves for C = 100 and 
C= 130. _The curve representing the smallest values for loss of head for 
q turbulent on in . rough pipes (f = 0 .023) gives values. at ordinary velocities 
approximating t the Hazen-\ W ‘illiams curve f¢ for C= - 140 rather than 130 as rec- 
ommended; the difference is about 25% at the rate of discharge of 1 med. 
With water at t 78° F or 80° F, the viscosity being les: less, the initial loss of f head 
- should decrease, all other conditions being the same. a | This i increase in tem- 
perature would add another 10% to the difference. a pi 
The answer to question | (2) involves the flow of water through : 36-in. and 
42-in. cast- -iron pipes about 42 miles long. The 36-in. line had been in service 
about 10 years; the ‘surface was coated with a a buff incrustant, 
mostly calcium carbonate deposited after the water had _been filtered. In 
addition to being rough, this ; coating was thicker i in some sections than in others, rs, 
_ producing a washboard effect, and about in. to 3 ; in. thick. Measurement of 
_ the loss of head showed 1.0: 08 ft per 1 000 ft ft when discharging at il. .2 mgd. 
Thus, -Kutter’s C= 88, the Hazen-W C= 90, and = 0.036. Using 
Fig. 17 and Eq. 3, fi must have been 0.048. _ A new 42-in. ‘cast-iron pipe had 
been placed in service just before these ¢ measurements were made on the 36-in. 
“line, - Similar measurements on the 42-in. line indicated an over-all Hazen- a 
Williams C = 124, or C= 130; after deducting the local losses. At: a ae 
7 of 14.3 mgd, the toes of head was 0.49 ft } per 1,000 ft, or orf = = 0.0216. - From Fig. J 
. 17 and Eq. 3, f: must be about 0.030; and in the pipe, although it was not so ) 7 
rough or so completely coated ¢ as the 36-in. | . line, deposition w was progressing 
= with a corresponding rise in the: “specific roughness coefficient. For 
smooth: pipes, ‘Fig. 1. 15 gives 0.012 with a water temperature o of 78° F. 
Based on these measurements supported by a number of checks, it 1 was con- 
ae that, although the specific roughness coefficient, fi, for the 42-in. line 
was low, it would rapidly i increase to the value for the 36-in. line and would 
‘eo at about that value indefinitely, a any further reduction in I 
- capacity. of the pipe being due to a reduction of ‘the cross section of the flow. 
- Fig. 21 was prepared for | loss of head i in ‘pipes | so incrusted and for water 73° 
in temperature. Using: a a specific roughness coefficient, =0. 048, in Fig. 
and 1 Eq. 3, values i in Fig. 21 have been checked and found to comply with the 
_ Naturally, the writer feels that the si suggested fi = 0.042 in item .10 (under 
the heading, “Diagrams for r Smooth and Rough Pipes: ‘Specific Roughness 


Coefficients for Pipes’’) is nearly, but not quite, large 
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